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all the works of man in the various branches of en- 
gineering, none are so wonderful, so majestic, so awe- 
inspiring as the works of the Civil Engineer. It is the Civil 
Engineer who throws a great bridge across the yawning chasm 
which seemingly forms an impassable obstacle to further 
progress. He designs and builds the skeletons of steel to dizzy 
heights, for the architect to cover and adorn. He burrows 
through a great mountain and reaches the other side within a 
fraction of an inch of the spot located by the original survey. 
He scales mountain peaks, or traverses dry river beds, survey- 
ing and plotting hitherto unknown, or at least unsurveyed, 
regions. He builds our Panama Canals, our Arrow Rock and 
Roosevelt Dams, our water-works, filtration plants, and prac- 
tically all of our great public works. 

€L, The importance of all of these immense engineering 
projects and the need for a clear, non-technical presentation of 
the theoretical and practical developments of the broad field 
of Civil Engineering has led the publishers to compile this 
great reference work. It has been their aim to fulfill the de- 
mands of the trained engineer for authoritative material which 
will solve the problems in his own and allied lines in Civil 
Engineering, as well as to satisfy the desires of the self-taught 
practical man who attempts to keep up with modern engineer- 
ing developments. 



U. Books on the several divisions of Civil Engineering are 
many and valuable, but their information is too voluminous to 
be of the greatest value for ready reference. The Cyclopedia of 
Civil Engineering offers more condensed and less technical 
treatments of these same subjects from which all unnecessary 
duplication has been eliminated; when compiled into nine 
handy volumes, with comprehensive indexes to facilitate the 
looking up of various topics, they represent a library admirably 
adapted to the requirements of either the technical or the 
practical reader. 

The Cyclopedia of Civil Engineering has for years occupied 
an enviable place in the field of technical literature as a 
standard reference work and the publishers have spared no 
expense to make this latest edition even more comprehensive 
and instructive. 

In conclusion, grateful acknowledgment is due to the staff 
of authors and collaborators — engineers of wide practical ex- 
perience, and teachers of well recognized ability — without 
whose hearty co-operation this work would have been im- 
possible. 
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MASONRY AND REINFORCED 
CONCRETE 

PART I 


MASONRY MATERIALS 

Masonry may l^e defined as construction in which the chief 
constructive material is stone or an artificial mineral product such 
as brick, terra cotta, or cemented blocks. Under this broad defini- 
tion, even reinforced concrete may be considered as a specialized 
form of masonry construction. 

NATURAL STONE 
BUILDING VARIETIES 

Limestone. Carbonate of lime forms the principal ingredient 
of limestone. A pure limestone should consist only of carbonate of 
lime. However, none of our natural stones are chemically pure, 
but all contain a greater or less amount of foreign material. To 
these impurities are due the beautiful and variegated coloring which 
makes limestone valuable as a building material. 

Limestone occurs in stratified beds, and ordinarily is regarded 
as originating as a chemical deposit. It effervesces freely when an 
acid is applied; its texture is destroyed by fire; the fire drives off its 
carbonic acid and water, and forms quicklime. Limestone varies 
greatly in its physical properties. Some limestones are very durable, 
hard, and strong, while others are very soft and easily broken. 

There are two principal classes of limestone — granular and 
compact. In each of these classes are found both marble and ordinary 
building stone. The granular stone is generally best for building 
purposes, and the finer-grained stones are usually better for either 
marble or fine cut-stone. The coarse-grained varieties often dis- 



for ornameutal purposes, it is called marble; or, in other words, any 
limestone that can be polished is called marble. There are a great 
many varieties of marble, and they vary greatly in color and appear- 
ance. Owing to the cost of polishing marble, it is used chiefly for 
ornamental purposes. 

Dolomite. When the carbonate of magnesia occurring in lime- 
stone rises to about 45 per cent, the stone is then called dolomite. 
It is usually whitish or yellowish in color, and is a crystalline granular 
aggregate. It is harder than the ordinar^?^ limestones, and also less 
soluble, being scarcely at all acted upon by dilute hydrochloric acid. 
There is no essential difference between limestone and dolomite with 
respect to color and texture. 

Sandstone. Sandstones are composed of grains of sand that 
have been cemented together through the aid of heat and pressure, 
forming a solid rock. The cementing material usually is either 
silica, carbonate of lime, or an iron oxide. Upon the character of 
this cementing material is dependent, to a considerable extent, the 
color of the rock and its adaptability to architectural purposes. If 
silica alone is present, the rock is of a light color and frequently so 
hard that it can be worked only with great difficulty. Such stones 
are among the most durable of all rock, but their light color and poor 
working qualities are a drawback to their extensive use. Rock in 
which carbonate of lime is the cementing material is frequently 
too soft, crumbling and disintegrating rapidly when exposed to the 
weather. For many reasons the rocks containing ferruginous cement 
(iron oxide) are preferable. They are neither too hard to work 
readily nor liable to unfa^mrable alteration, when exposed to atmos- 
pheric agencies. These rocks usually have a brown or reddish color. 

Sandstones are of a great variety of colors, which, as has already 
been stated, is largely due to the iron contained in them. In texture, 
sandstones vary widely — from a stone of very fine grain, to one in 
which the individual grains are the size of a pea. Nearly all sand- 
stones are more or less porous, and hence permeable to a certain 
extent by water and moisture. Sandstones absorb water most 
readily in the direction of their lamination or grain. The strength 
and hardness of sandstones vary between wide limits. Most of the 
varieties are easily worked, and split evenly. The formations of 
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sandstone in the United States are very extensive. The crushing 
strength of sandstone varies widely, being from 2500 pounds to 
13,500 pounds per square inch, and specimens have been obtained 
that require a load of 29,270 pounds per square inch to crush them. 

Conglomerates. Conglomerates differ from sandstone only 
in structure, being coarser and of a more uneven texture. The 
grains are usually an inch or more in diameter. 

Granite. The essential components of the true granites are 
quartz and potash feldspar. Although the essential minerals are but 
two in number, granites are rendered complex by the presence of 
numerous accessories which essentially modify the appearance of 
the rocks; and these properties render them important for building 
stone. The prevailing color is some shade of gray, though greenish, 
yellowish, pink, and deep red are not uncommon. These various 
hues are due to the color of the prevailing feldspar and the amount 
and kind of the accessory minerals. The hardness of granite is due 
largely to the condition of the feldspathic constituent, which is valu- 
able. Granites of the same constituents differ in hardness. 

Granites do not effervesce with acids, but emit sparks when 
struck with steel. They possess the properties of strength, hardness, 
and durabilty, although they vary in these properties as well as in 
their structure. They furnish an extensive variety of the best stone 
for the various purposes of the engineer and the architect. The crush- 
ing strength of granite is variable, but usually is between 15,000 
and 20,000 pounds per square inch. 

Trap Rock. Trap rock, or diabase, is a crystalline, granular 
rock, composed essentially of feldspar and augite; but nearly all 
contains magnetite and frequently olivine. It is basic in compo- 
sition and in structure; as a rule, it is massive. The texture, as a 
general thing, is fine, compact, and homogeneous. The colors are 
somber, varying from greenish, through dark gray, to nearly black. 
Owing to its lack of rift, its hardness, and its compact texture, trap 
rock is generally very hard to work. It has been used to some 
extent for building and monumental work, but is more generally used 
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disintegrate after a comparatively few years’ exposure. 

Atmospheric Influences. A very porous stone will absorb water, 
which may freeze and cause crystals near the surface to flake off. 
Even though such action during a single winter may be hardly per- 
ceptible, the continued exposure of fresh surfaces to such action may 
sooner or later cause a serious loss and disintegration. Even rain 
water which has absorbed carbonic acid from the atmosphere will 
soak into the stone, and the acid will have a greater or less effect on 
nearly all stones. Quartz is the only constituent which is absolutely 
unaffected by acid. The sulphuric acid gas given off by coal will 
also affect building stone very seriously. 

Fire. Natural stone is far less able to withstand a conflagration 
than the artificial compositions such as brick, concrete, and terra 
cotta. Granite, so popularly considered the type of durability, is 
especially affected. Limestone and marble wdll be utterly spoiled, 
at least in appearance, if not structurally, by a hot fire. Sandstone 
is the least affected of the natural stones. 

Hardness. The durability of a stone is tested by its resistance 
to abrasive action in pavements, doorsills, and similar cases. The 
value of trap rock for macadam and block pavements is chiefly due 
to this quality. 

Strength. In some structural work (as, for example, an arch) 
the crushing strength of the stone is the primary consideration. 
The average crushing strength of various kinds of stone will be 
quoted later. The tensile strength should never be depended on, 
except to a very limited extent, as a function of the transverse 
strength. Even this is only applicable to such cases as the lintels 
over doors and windows, the footing stones for foundations, and the 
cover stones for box culverts. It is usually true that a stone which 
is free from cracks and which has a high crushing strength also, has 
as much transverse strength as should be required of any stone. 

Appearance, It is seldom that an engineer need concern 
himself with the appearance of a stone, provided it is satisfactory in 
the respects previously mentioned. The presence of iron oxide in 
a stone will sometimes cause a deterioration in appearance by the 
formation of a reddish stain on the outer surface. It usually happens, 
however, that a stone whose strength and durability are satisfactory 
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22,610 

15,046 

2S,000 

26,250 




Granite 

City Point, Me. 

Bed 

2.65 

16(' 


Granite 

East St. Cloud, Minn. 

/Bed 

\Edge 

2.609 

163 


Diabase 

New Duluth, Minn. 

/Bed 

lEdge 

26,250 

26,250 

3.005 

188 

1 

338 

Limestone 

Bedford, Ind. 


6,500 

10,125 


147 

152 

1 

Limestone 

Bedford, Ind. 



24 

1 

32 

Limestone 

Greensburgh, Ind. 


16,875 


170 

1 

117 

Limestone 

Conshohocken, Pa. 


15,150 

25,000 



Limestone 

Stillwater, Minn. 


2.762 

173 

1 

251 

Limestone 

Stillwater, Minn. 

/Bed 

\Edgo 

10.750 

12.750 

2.567 

161 

1 

40 

Sandstone 

Buckhorn, Larimer Co., Colo. 

fBed 

\Edge 

18,573 

17,261 

2.379 

168 

.040 

Sandstone 

Fort Collins, Larimer Co., Colo. 

/Bed 

\Edge 

11,707 

10,784 

2.252 

141 

.072 

Sandstone 

Brandford, Fremont Co., Colo. 

fBed 

\Edge 

3,308 

2,894 

2.004 

125 


Sandstone 

Marquette, Mich. 

Bed 

6,323 

2.166 

135 

20 

Sandstone 

Kasota, Minn. 

Bed 

10,700 

2.630 

164 

1 

56 

Sandstone 

Albion, N. Y. 

Bed 

13,500 

2.420 

151 

1 

44 

Sandsi one 

Cleveland, 0. 

Bed 

6,S0C 

2.240 

140 

1 

37 

'iandstone 

Seneca, 0. 

Bed 

• 9,687 

2.390 

149 

1 

32 


'Froju Merrill's “Stone for Buildings and Decoration”. 
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in tlieir construction, are startling illustrations or tiie impractica- 
bility of determining from laboratory tests the effect on stone of 
long-continued stress, combined perhaps -with other destructive 
influences. Although the best technical advice was obtained in 
selecting the stone for the Parliament House in London, and the 
stone selected was undoubtedly subjected to the best known tests, 
it was apparently impossible to foresee the effect of the London atmos- 
phere, which is now so seriously affecting the stoiie. Several of the 
tests to be described below sliould be considered as negative tests. If 
the stones fail under these tests, they are probably inferior; if they 
do not fail, they are perhaps safe, but there is no certainty. A long 
experience, based on a knowledge of the characteristics of stones 
which have proven successful, is of far greater value than a depend- 
ence on the results of laboratory tests. The tests attempt to stimu- 
late the actual destructive agencies as far as possible, but since a 
great deal of stonework, wdiich was apparently satisfactory when 
constructed and for a few years after, has failed for a variety of 
reasons, attempts are made to use aeederated tests, which are supposed 
by their concentration to affect the stone in a few minutes or hours 
as much as the milder causes acting through a long period of years. 

Absorption. It is generally said that stones having the least 
absorption are the best. The absorptive power is measured by 
first drying the stone for many hours in an o^’en, weighing it, then 
soaking it for, say, 24 hours, ,and again weighing it. The increase 
in the w^eiglit of the soaked stone (due to the weight of water ab- 
sorbed), divided by the weight of the dry stone, equals the ratio of 
absorption. The granites will absorb as an average value a weight 
of water equal to about o of the weight of the stone. Tor sand- 
stone the ratio is about -g-V. 

The test for absorption has but little value except to indicate 
a closeness of grain (or the lack of it), which probably indicates some- 
thing about the strength of the stone, as well as its liability to some 
kinds of disintegration. 

Test for Frost. The only real test is to wash, dry, and weigh 
test specimens very carefully; then soak them in water and expose 
them to intensely cold and intensely warm temperatures alternately. 
Finally wash, dry, and weigh them. If the freezing has resulted in 



in weight or the breakage will give a measure of the effect of cold 
winters. However, as such low temperatures cannot be produced 
artificially except at considerable expense, and as a sufficient degree 
of natural cold is ordinarily unobtainable when desired, such a test 
is usually impracticable. 

An attempt to simulate such an effect by boiling the specimen in 
a concentrated solution of sulphate of soda and observing the subse- 
quent disintegration of the stone, if any, is known as BrarcVs test. 
Although this method is much used for lack of a better, its value is 
doubtful and perhaps deceptive, since the effect is largely chemical 
rather than mechanical. The destructive effect on the stone is 
usually greater than that of freezing, and might result in condemning 
a really good stone. 

Chemical Test. The most difficult and uncertain matter to 
determine is the probable effect of the acids in the atmosphere. 
These acids, dissolved in rain water, soak into the stone and combine 
with any earthy matter in the stone, which then leaches out, leaving 
small cavities. This not only results in a partial disintegration of 
the stone, but also facilitates destruction by freezing. If the stone 
specimen, after being carefully washed, is soaked for several days in 
a one per cent solution of sulphuric and hydrochloric acid, the liquid 
being frequently shaken, the water will become somewhat muddy, 
if there is an appreciable amount of earthy matter in the stone. Such 
an effect is supposed to indicate the probable action of a vitiated 
atmosphere. Of course it should be remembered that such a con- 
sideration is important only for a structure in a crowded city where 
the atmosphere is vitiated by poisonous gases discharged from fac- 
tories and from all chimneys. 

Physical Tests. A test made by crushing a block of stone 
in a testing machine is apparently a very simple and conclusive test, 
but in reality the results are apt to be inconclusive and even decep- 
tive. This is due to the following reasons, among others: 

(a) The crushing strength of a cube per square inch is far less than that 
of a slab having considerably greater length and width than height. 

(?>) The result of a test depends very largely on the pr(']iaration of the 
specimen. If sawed, the strength will be greater than if cut by chipping. If 
the upper and lower faces arc not truly parallel, .so that there i.s a concjcntration 
of pressure on one corner, the apparent result will be less. 
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is easily worked into structures of any desirable shape, easily handled 
or transported, and comparatively cheap. When well constructed, 
brick masonry compares very well in strength wdth stone masonry, 
but is not as heavy as stone. Brickwork is but slightly affected by 
changes of temperature or humidity. 

Brick is made of common clay (silicate of alumina), wdiich 
usually contains compounds of lime, magnesia, and iron. Good 
brick clay is often found in a natural state. The quality of the brick 
depends greatly on the quality of the clay used, and equally as much 
on the care taken in its manufacture. 

Oxide of iron gives brick hardness and strength. The red color 
of brick is also due to the presence of iron. The presence of car- 
bonate of lime in the clay of which brick is made is injurious, since 
the carbonate is decomposed during the burning, forming caustic 
potash, which, by the absorption of water, will cause the brick to 
disintegrate. . An excess of silicate of lime makes the clay fusible, 
which softens the brick and thereby causes distortion during the 
burning process. Magnesia in small quantities has but little influ- 
ence on brick. Sand, in quantities not in excess of about 25 per 
cent, will help to preserve the form of the brick, and is beneficial 
to that extent; but in greater quantities than 25 per cent, it makes 
the brick brittle and w^eak. 

Requisites for Good Brick. Good brick should be of regular 
shape, with plane faces, parallel surfaces, and sharp edges and 
angles. It should show a fine, uniform, compact texture; should 
be hard and, when struck a sharp blow, should ring clearly; and 
should not absorb more water than onc-tenth of its weight. The 
specific gra^nty should be 2 or more. Good brick will bear a com- 
pressive load of 6000 pounds per square inch when the sides are 
ground flat and pressed between plates. The modulus of rupture 
under transverse stress should be at least 800 pounds per square inch. 

Absorptive Power. The amount of water that brick absorbs 
is very important in indicating the durability of brick, particularly 
its resistance to frost. Very soft brick will absorb 25 to 30 per 
cent of their weight of water. Weak, light-red ones will absorb 20 
to 25 per cent; this grade of brick is used commonly for filling interior 
walls. The best brick will absorb only 4 to 5 per cent, but brick 


molding sand, and the amount of air admitted to the kiln also have 
their influence. Pure clay, or clay mixed with chalk, will produce 
white brick. Iron oxide and pure clay will produce a bright red 
brick when burned at a moderate heat. Magnesia will produce 
brown brick; and when it is mixed with iron, produces yellow brick. 
Lime and iron in small quantities produce a cream color; an increase 
of lime produces brown, and an increase of iron, red. 

Size and Weight. The standard size for common brick is 
8| by 4 by 2] inches; and for face brick, 8f by 4| by 2j inches. 
There are numerous small variations from these figures; and also, 
since the shrinkage during burning is very considerable and not 
closely controlled, there is always some uncertainty and variation in 
the dimensions. Bricks will weigh from 100- to 150 pounds per 
cubic foot according to their density and hardness, the harder bricks 
being, of course, the heavier per unit of volume. 

Classification of Common Brick. Brick are usually classified 
in three ways : (a) manner of molding; (/;) position in kiln; (c) their 
shape or use. 

(«) The manner in which brick is molded has produced the 
following terms : 

Sofi~Mud Brick. A brick molded citlicr l)y liand or l^y inacbine, in wliicli 
the cliiy is reduced to mud by adding Avator. 

Siiff-Mud Brick. A brick molded from dry or semi-dry clay. It is 
molded by machinery. 

Pressed Brick. A brick molded by maohinc'ry AAoth semi-dry or dry clay. 

Re-Pressed Brick. A brick made of soft mud, Avhich, after being partly 
dried, is subjected to great pressure. 

(h) The classification of brick with regard to their position in 
the kiln applies only to the old method of burning. With the new 
methods, the quality is nearly uniform throughout the kiln. The 
three grades taken from the old-style kiln were: 

Arch Brick. Brick forming the sides and top of the arches in Avhich the 
fire is built are called arch brick. They are hard, brittle, and weak from being 
overburnt. 

Body, Cherry, or Hard Brick. Brick from the interior are called body, 
cherry, or hard brick, and arc of the best quality. 

Pale, Salmon, or Soft Brick. Brick forming the ext('rior of the kiln arc 
underburni, and are ealhid soft, salmon, or pale brick. They are used only for 
filling, being too Aveak for ordinary use. 


{cj inc cjicissmcciuon oi oriciv in regarci xo ineir use or snape 
has given rise to the folloAving terms; 

Face Brick. Brick that are uniform in size and color and an' suitable for 
the exposed places of buildings. 

Sewer Brick. Common hard brick, smooth and regular in form. 

Paving Brick. Very hard common vitrified brick, often made of shale. 
They are larger than the ordinary brick, and arc often called paving hlnck.'i. 

Compass Brick. Brick having four .short edges which run radially to an 
axis. They are used to build circular chimneys. 

Vonssoir Brick. Brick having four long edges running radially to an axis. 
They are used in building archc.s. ' 

Crushing Strength. The results of crushing tests of brick vary 
greatly, depending on the details of the tests made. Many reports 
fail to give the details under which these tests are made, and in that 
case the real value of the results of the test as announced is greatly 
reduced. 

The following results were obtained at the U. S. Arsenal at 
Watertown, Mass., by T. E. Kidder. The specimens were rubbed 
on a revolving bed until the top and bottom faces were perfectly true 
and parallel. 


Make or Briok 

Xo. OF Specimens 
Tested 

PnESSCllE AT 

Which Specimens 
Began to Fail 

Ultimate 

COMPRESRION 

(per sii. in.) 

Philadelphia Face Bric.k 

3 

3, .527 lbs. 

5,9 IS lbs. 

Cambridge Brick 

4 

4,655 “ 

12,1S6 ‘‘ 

Boston Brick 

3 

7,S80 “ 

11,670 “ 

New England Pressed 

4 

4,764 “ 

12,490 " 


The following results were obtained by C. Y. Davis, the tests 
being made at the Watertown Arsenal: 


Kind of 
Bhick 

Compression 
( per sq. in.) 

Kind of 
Brick 

Compression 
( per sq. in.) 

Kind of 
Brick 

Cf)MPRE.SSION 
(per sq. in.) 

lied 

< ( 

9,540 lbs. 
*8,.530 “ 
6,0.50 “ 
6,700 “ 

Pressed 

it 

0,470 lbs. 
*9,190 “ 
5,960 “ 
0,7.50 “ 

Arch 

7,600 lbs. 
*10,290 “ 
6,800 “ 


The.se specimens were tested to select brick for the U. S. Pension Office at 
Washington, D. C. The specimens tested were submitted by manufacturers. 


Fire Brick. Furnaces must be lined with a material which is 
even more refractory than ordinary brick. The oxide and sulphide 
of iron, which are so common (and comparatively harmless) in 

* Indicates the 'brick selected. 
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of some of tlie standard machines have adopted a standard length of 
32 inches and a height of 9 inches for the full-sized blocks, with 
width of 8, 10, and 12 inches. Lengths of S, 12, 16, 20, and 24 
inches are made from the same machine, by the use of parting plates 
and suitably divided face-plates. Most machines are constructed so 
that any length between 4 and 32 inches, and any desired height, 
can be obtained. 

The size of the openings (the cores) varies from one-third 
to one-half of the surface of the top or bottom of the block. 
The building laws of many cities state that the openings shall 
amount to only one-third of the surface. For any ordinary pur- 
pose, blocks with 50 per cent open space are stronger than neces- 
sary. 

Materials. The material for making concrete blocks consists 
of Portland cement, sand, and crushed stone or gravel. Owing 
to the narrow space to be filled with concrete, the stone and gravel 
are limited to one-half or three-quarters of an inch in size. At least 
one-third of the material, by weight, should be coarser than | inch. 
A block made with gravel or screenings (sand to |-inch stone) , with 
proportions of 1 part Portland cement to 5 parts screenings, will be 
as good as a block with 1 part Portland cement and 3 parts sand. 
These materials will be further treated under the headings of “Port- 
land Cement”, “Sand”, and “Stone”. 

Pwportlons. The proportions generally used in the making of 
concrete blocks vary from a mixture of 1 part cement, 2 parts sand, 
and 4 parts stone, to a mixture of 1 part cement, 3 parts sand, and 
0 parts stone. A very common mixture consists of 1 part cement, 
2-1 parts sand, and 5 parts stone. A denser mixture may be secured 
by varying these proportions somewhat; that is, the maker may 
find that he secures a more compact block by using 2| parts sand 
and 4f parts stone; but a leaner mixture than 1 ; 2| : 5 is not to be 
recommended. In strength, this mixture will have a crushing 
resistance far beyond any load that it will ever have to support. 
Even a mixture of 1:3:6 or 1:3|:7 will be stronger than necessary 
to -sustain any ordinary load. Such a mixture, however, would be 
porous and unsatisfactory in the wall of a building. Blocks, in being 
handled at the factory, carted to the building site, and in being 


dliug:; and .safety in this re.spect calls ior a stronger block tlian is 
needed to bear the weight of a wall of a building. For a high- 
grade water-tight block, a 1:2:4 or a 1:2-1: 4 mixture is always 
used. 

Amount of JJAtcr. Blocks made with dry concrete will be soft 
and weak, even if they are well sprinkled after being taken out of 
the forms. Blocks that are to be removed from the machine as 
soon as they are made will stick to the plates and sag out of shape, 
if the concrete is mixed too wet. Therefore there should be as much 
water as possible used, without causing the block to stick or sag out 
of shape when being removed from the molds. This amount of 
water is generally S to 9 per cent of the weight of the dry mixture. 
To secure uniform blocks in strength and color, the same amount 
of water should be used for each batch. 

Mixing and Tamping. The .concrete should be mixed in a 
batch mixer, although good results are obtained in hand-mixed con- 
crete. The tamping is generally done with hand rammers. Pneu- 
matic tampers, operated by an air compre.ssor, are used successfully. 
Molding concrete by 'pressure is not successful unless the concrete 
is laid in comparati\'ely thin layers. 

Curing of Blocks, (a) Air Curing. The blocks are removed 
from the machine on a steel plate, on which they should remain for 
24 hours. The blocks should be protected from the sun and, dry 
winds for at least a week, and thoroughly sprinkled frequently. 
They should be at least four Aveeks old before they are placed in a 
wall. If, they are built up in a wall while green, shrinkage cracks 
will be apt to occur in the joints. 

(I)) Steam Curing. Concrete blocks can be cured much more 
quickly in a steam chamber than in the open air. They should be 
left in the steam chamber for 48 hours at a pressure of SO pounds per 
square inch. By this method of curing blocks they can be handled 
and used much quicker than when air cured. Their strength is then 
much higher than the air-cured blocks when six months old. When 
a large quantity of blocks are to be made, the steam curing is more 
economical than the air curing, even considering the much more 
expensive plant that is required. See Technologic Papers, Bureau of 
Standards, (U. S.) No, 5. 





mixture is often used, generally consisting of 1 part cement to 2 parts 
sand. The penetration of water may be effectively prevented by 
this rich coat. Care must be taken to avoid a seam between the two 
mixtures. 

Blocks are made with either a plane face or of various orna- 
mental patterns, as tool-faced, paneled, rock-faced, etc. Coloring 
of the face is often desired. Mineral coloring, rather than chemical, 
should be used, as the chemical color may injure the concrete or fade. 

Cost of Making. The following is quoted from a paper by 
N. F. Palmer, C. E.: 

Blocks S by 9 by 32 inches; gang consisted of five workmen and a foreman; 
record for one hour, 30 blocks; general average for 10 hours, 200 blocks. The 


itemized cost was as follows: 

1 foreman @ S2.50 $2.50 

6 helpers ® 2.00 10.00 

13 bbls. cement @ 2.00 26.00 

10 cu. yds. sand and gravel @ 1.00 10.00 

Interest and depreciation on machine 2.00 


$50.50 

This is the equivalent of $50.50 -i- 200, or 25^ cents per block; or, since the 
face of the block was 9 by 32 inches, or exactly 2 square feet, the equivalent of 
12.6 cents per square foot of an 8-inch wall. 

Another illustration, quoted from Gillette, for a 10-inch wall, 
was itemized as follows, for each square foot of wall : 


Sand 2.0 cents 

Cement @ $1.60 per barrel 4.5 cents 

Labor @ $1.83 per day 3.8 cents 


Total per square foot 10.3 cents 


This is apparently considerably cheaper than the first case, even after 
allowing for the fact that the second case does not provide for interest, depre- 
ciation on plant, etc., which in the first case is only 4 per cent of the total. This 
allowance of 4 per cent is probably too small. 


CEMENTING MATERIALS 

The principal cementing materials are Common Lime, Hydraulic 
Lime, Pozzuolana, Natural Cement, and Portland Cement. There 
are a few other varieties, but their use is so limited that they need 
not be considered here. 


marblej a limestone usually contains other substances — ^perhaps up 
to 10 per cent of silica, alumina, magnesia, etc. The process of 
burning drives off the carbonic acid and leaves the protoxide of 
calcium. This is the lime of commerce; and to preserve it from 
deterioration, it must be kept dry and even protected from a free 
circulation of air. When exposed freely to the air for a long period, 
it will become air-slaked; that is, it will absorb both moisture and 
carbonic acid from the air, and will lose its ability to harden. The 
first step in using common lime is to combine it with water, which 
it absorbs readily so that its -volume is increased to 2-1 to 3^ times 
what it was before. Its weight is at the same time increased about 
one-fourth; and the mass, which consisted originally of large lumps 
with some powder, is reduced to an unctuous mass of smooth paste. 
The lime is then called slaked lime, the process of slaking being 
accompanied by the development of great heat. The purer the lime, 
the greater the development of heat and the greater the e^ipansion 
in volume. It is soluble in water which is not already “hard”, or 
which does not already contain considerable lime in solution. A 
good lime will make a smooth paste with only a very small per- 
centage (less than 10 per cent) of foreign matter or clinker. By 
such simple means a lime may be readily tested. 

The hardening of common lime mortar is due to the formation 
of a carbonate of lime (substantially the original condition of the 
stone) by the absorption from the atmosphere of carbonic oxide. 
This will penetrate for a considerable depth in course of time; but 
instances are common in which masonry has been torn down after 
having been erected many years, and the lime mortar in the interior 
of the mass has been found still soft and unset, since it was hermeti- 
cally cut off from the carbonic oxide of the atmosphere. For the 
same reason, common lime mortar wull not harden under water and, 
therefore, it is utterly useless to employ it for work under water or 
for large masses of masonry. 

When the qualities of slaking and expansion are not realized or 
are obtained only very imperfectly, the lime is called lean or poor 
(rather than fat) and its value is less and less, until it is perhaps 
worthless for use in making mortar, or for any other use except as 


net. 


Hydraulic Lime. This is derived from limestones containing 
about 10 to 20 per cent of clay or silica, which is intimately mixed 
with the carbonate of lime in the structure of the stone. During 
the process of burning, some of the lime combines with the clay 
(or the silica) so as to form the aluminate or silicate of lime. The 
excess of lime becomes quicklime as before. During the process of 
slaking, which should be done by mere sprinJding, the lime having 
been intimately mixed with the clay or silica, the expansion of the 
lime completely disintegrates the whole mass. This slaking is done 
by the manufacturer. The lime having a much greater avidity for 
the water than the aluminate or the silicate, the small amount of 
water used in the slaking is absorbed entirely by the lime, and the 
aluminate or the silicate is not affected. The setting of hydraulic 
lime appears to be due to the crystallizing of the aluminate and 
silicate; and since this will be accomplished even when the masonry 
is under water, it receives from this property its name of hydraulic 
lime. It is used but little in this country, and is all imported. 

Pozzuolana or Slag Cement. Pozzuolana is a form of cement- 
ing material which has been somewhat in use since very ancient 
times. Apparently it was first made from the lava from the volcano 
Vesuvius, the lava .being picked up at Pozzuoli, a village near the 
base of the volcano. It consists of a combination of silica and 
alumina, which is mixed with common lime. Its chemical composi- 
tion is therefore not very unlike that of hydraulic lime. It also 
possesses the ability to harden under water. Its use is very limited, 
and its strength and hardness relatively small, when compared with 
that of Portland cement. It should never be used where it will be 
exposed for a long time to dry air, even after it has thoroughly set. 
It appears to withstand the action of sea water somewhat better than 
Portland cement; and hence it is sometimes used instead of Portland 
cement as the cementing material for large masses of masonry or 
concrete which are to be deposited in sea water, wdien the strength 
of the cement is a comparatively minor consideration. Artificial 
pozzuolana is sometimes made by grinding up blast-furnace slag 
which has been found by chemical analysis to have the correct 
chemical composition. 


Natural Cement. Natural cement is obtained by burning an 
argillaceous or a magnesian limestone which happens to have the 
proper chemical composition. The resulting clinker is then finely 
ground and is at once ready for use. Such cement was formerly 
and is still commonly called Roscndale cement, owing to its having 
been produced first in Rosendale, Ulster County, New York. A 
very large part of the natural cement now produced in this country 
comes from Ulster County, New York, or from near Louisville, 
Kentucky. Cement rock from which natural cement can be made 
is now found widely scattered over the country. 

In Europe, the name Roman cement is applied to substantially 
the same kind of product. Since the cement is made wholly from 
the rock just as it is taken out of the quarry, and also since it is cal- 
cined at a much lower temperature than that employed in making 
Portland cement it is considerably cheaper than Portland cement. 
On the other hand, its strength is considerably less than that of 
Portland cement and the time of setting is much quicker. Some- 
times this quickness of setting is a very important point — as, for 
instance, when it is desired to obtain a concrete which shall attain 
considerable hardness very quickly. On the other hand, the quick- 
ness of setting may be a serious disadvantage, because it may not 
allow sufficient time to finish the concrete work satisfactorily 
without disturbing the mortar which has already taken an initial 
set. Natural cement is only used on account of its cheapness, and 
especially when the cement is not required to have very great 
strength. The disadvantage due to its quick setting (when it is a 
disadvantage) may be somewdiat overcome by the use of a small per- 
centage of lime, when mixing up the mortar. 

It is not always admitted, at least in the advertisements, that a 
given brand of cement is a natural cement; and the engineer must 
therefore be on his guard, iri buying a cement, to know whether it is 
a quick-setting natural cement of comparatively low strength or a 
true Portland cement. 

Portland Cement. Portland cement consists of the product 
of burning and grinding an artificial mixture of carbonate of lime 
and clay or slag, the mixture being very carefully proportioned so 
that the ingredients shall have very nearly the fixed ratio which 
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of exactly uniform composition, could be found, Portland cement could be 
made from it, simply by burning and grinding. For good results, however, 
the composition of the raw material must be exact, and the proportion of car- 
bonate of lime in it must not vary even by one per cent. No natmral deposit 
of rock of exactly this correct and unvarying composition is kno-wn or hkely 
ever to be found; therefore Portland cement is always made from an artificial 
mixture, usually, if free from organic matter, containing about 75 per cent 
carbonate of lime and 25 per cent clay.” — S. B. Newberry, in Taylor and 
Thompson’s ‘‘Concrete, Plain and Reinforced.” 

As before stated, Portland cement is stronger than natural 
cement; it sets more slowly, which is frequently a matter of great 
advantage, and yet its rate of setting is seldom so slow that it is a 
disadvantage. Although the cost is usually greater than that of 
natural cement, yet improved methods of manufacture have re- 
duced its cost so that it is now usually employed for all high- 
grade work where high ultimate strength is an important con- 
sideration. 

In a general way, it may be said that the characteristics of 
Portland cement on which its value as a material to be used in con- 
struction work chiefly depends may be briefly indicated as follows: 

When the cement is mixed •with water and allowed to set, it 
should harden in a few hours, and should develop a considerable 
proportion of its ultimate strength in a few days. It should also 
possess the quality of permanency, so that no material change in 
form or volume will take place on account of its inherent qualities 
or as the result of exterior agencies. There is always found to be 
more or less of shrinkage in the volume of cement and concrete 
during the process of setting and hardening; but with any cement 
of really good quality, this shrinkage is not so great as to prove 
objectionable. Another very important characteristic is that the 
cement shall not lose its strength with age. Although some long- 
time tests of cement have apparently indicated a slight decrease in 
the strength of cement after the first year or so, this decrease is 
nevertheless so slight that it need not affect the design of concrete, 
even assuming the accuracy of the general statement. 

To insure absolute dependence on the strength and durability 
of any cement which, it is proposed to use in important structural 
work, it is essential that the qualities of the cement be determined 
by thorough tests. 


CEMENT TESTINO 

All cement should be tested. On htrp* (.ih-ruiiuji. n f.- 
laboratory can be fitted up and all (rineiit tf-t«-d nt tin- 'Uir mC tin- 
operation. On smaller jobs the tests are jjenendly h> prM- 

fessional laboratories. The cost of these teM*. t-. ^■uutll. M'hr pm- 
fessional laboratories keep men at all the eiuiieiif plunl - ■=-> flmf 
they can secure samples when the shipnieiits an* iiuul*'. t tfinj 

by the time that the cement is received at the Jnh ntid nuln.Mh d f hr 
report of the seven-day test will he also ret-ei ved at t In* u i *rk . 

• Standard Tests. The following inethml »f tr fijsi; inn* of i. 
taken from the “Final lleport on Tests of I'enu'nf" nmdr i.i fijr 
American Society of Oivil Engineers hy a eunnnittee uppuint. d in 
investigate and report on that subject, am! in eiipi('d lu re fr«*m ihr 
proceedings of that Society hy permission of their rrcfnr> . < h.irh 
Warren Hunt. The report on “Methods of d'e ting th inrijf" j 
printed in Vol. LXXV and the “Slnmlard .'^iHTilirulinn " i prinfii d 
in the February^ lOld, nmnber of the ])roec*ediug' of th;i< •«« i.-t;, , 


Mothod.s for TestUng Cement * 




1. Selection (if Sam ph‘, d'he .sideetioii of utnplr f"r f» ting 
should be left to the enghu'er. 'Phe mnnher of }».t* kioo .uoph d 
and the quantity taken from each pai'kage will d< pr?,d on fhr 
importance of the work and the faeililies fur inaidun the if t . 

2. The samples sliould fairly re])re>ent tlie ju;ii«-ri;i!. Whmihr 
amount to be tested is small it is reeuininenilf'd that I »!jf 1 »art'i lint on 
be sampled; when the amount is large it mu\ he inipra« ti. .d<!f to inkr 
samples from more than one barrel in thirl> or lift;- . \Mo‘n the 
samples are taken from bins at the mill one* f<«r eafli !ii!> to two 
hundred barrels wnll sufliec. 


3. Samples should he ])assed through a :de\e ha-. iju: twtnty 
meshes per linear inch, iu order to break uphunp’’ and renunr forrsirn 
material, the use of this sieve, is also elTeeti\t' to uhtain a thorough 

mixing of the samples Avhen t Ids is (lesiretk To dtifruonf thr at • t pf- 

ance or rejection of cement it is preferalde, wlmn tim*- ponini , te t 
the samples separately. Tests to determine the m lii r.d • h.ir.it ffr- 
istics of a cement, extending over a long period, nur. ho nm-h- with 
mixed samples. 


* Accorapanyiim Uiiml 
Jaimarv 17t,)v iiiio 
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through a hole made in the head, or in one of the staves midway 
between the heads, by means of an auger or a sampling iron similar 
to that used by sugar inspectors; if in bags, the sample should be 
taken from surface to center; cement in bins should be sampled in 
such a manner as to represent fairly the contents of the bin. Sam- 
pling from bins is not recommended if the method of manufacture 
is such that ingredients of any kind are added to the cement subse- 
quently. 


Chemical Analysis 

5. Significance. Chemical analysis may serve to detect adul- 
teration of cement with inert material, such as slag or ground lime- 
stone, if in considerable amount. It is useful in determining whether 
certain constituents, such as magnesia and sulphuric anhydride, are 
present in inadmissible proportions. 

6. The determination of the principal constituents of cement, 
silica, alumina, iron oxide, and lime is not conclusive as an indication 
of quality. Faulty cement results more frequently from imperfect 
preparation of the raw material or defective burning than from 
incorrect proportions. Cement made from material ground very 
fine and thoroughly burned may contain much more lime than the 
amount usually present, and still be perfectly sound. On the other 
hand, cements low in lime may, on account of careless preparation of 
the raw material, be of dangerous character. Furthermore, the 
composition of the product may be so greatly modified by the ash 
of the fuel used in burning as to affect in a great degree the signifi- 
cances of the results of analysis. 

7. Method. The method to be followed should be that pro- 
posed by the Committee on Uniformity in the Analysis of Materials 
for the Portland Cement Industry, reported in the Journal of the 
Society for Chemical Industry, Vol. 21, page 12, 1902; and published 
in Engineering Neios, Vol. 50, p. 60, 1903; and in Engineering Record 
Vol. 48, p. 49, 1903, and in addition thereto, the following: 

The insoluble residue may be determined as follows: To a 
1-gram sample of the cement are added 30 cu. cm. of water and 
10 cu. cm. of concentrated hydrochloric acid, and then warmed until 
the effervescence ceases, and digested on a steam bath until dissolved. 
The residue is filtered, washed wdth hot water, and the filter paper 
and contents digested on the steam bath in a 5% solution of sodium 
carbonate. This residue is filtered, washed with hot water, then 
with hot hydrochloric acid, and finally with hot water, and then 
ignited at a red heat and weighed. The quantity so obtained is the 
insoluble residue. 


very small, great care must be exercised m malang me determination. 

10. Apparatus. The determination of specific gravity should 
be made with a standardized Le Chatelier apparatus. This consists 
of a flask (D), Fig. 1, of about 120 cu. cm. capacity, the neck of 
which is about 20 cm. long- in the middle of this neck is a bulb (C), 



Fig. 1. Le Chatelier Afjparatus for Determining Specific 
Gravity of Cement 


above and below which are two marks (F) and (E); the volume 
between these two marks is 20 cu. cm. The neck has a diameter 
of about 9 mm., and is graduated into tenths of cubic centimeters 
above the mark (F). 

11. Benzine (G2° Baume naphtha) or kerosene free from water 
should be used in making the determination. 

12. Method. The flask is filled with either of these liquids to 
the lower mark (E), and 64 grams of cement, cooled to the tem- 
perature of the liquid, is slowly introduced through the funnel (B), 
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VLiie stem oi wmcu suuuiu oe long enougn to extena into tne nasK to 
the top of the bulb (0) ), taking care that the cement does not adhere 
to the sides of the flask and that the funnel does not touch the 
liquid. After all the cement is introduced, the level of the liquid 
will rise to some division of the graduated neck; this reading, plus 
20 cu. cm, is the volume displaced by 64 grams of the cement. 

13. The specific gravity is then obtained from the formula 


Specific gravity = 


Weight of cement in grams 

Displaced volume in cubic centimeters 


14. The flask, during the operation, is kept immersed in water 
in a jar {A), in order to avoid variations in the temperature of the 
liquid in the flask, which should not exceed C. The results of 
repeated tests should agree within 0.01. The determination of 
specific gravity should be made on the cement as received; if it 
should fall below 3.10, a second determination should be made after 
igniting the sample at a low red heat in the following manner: One- 
half gram of cement is heated in a weighed platinum crucible, 
with cover, for 5 minutes with a Bunsen burner (starting with a low 
flame and gradually increasing to its full height) and then heating 
for 15 minutes with a blast lamp; the difference between the weight 
after cooling and the original weight is the loss on ignition. The 
temperature should not exceed 900° C., and the ignition should 
preferably be made in a muffle. 

15. The apparatus may be cleaned in the following manner: 
The flask is inverted and shaken vertically, until the liquid flows 
freely, and then held in a vertical position until empty; any traces 
of cement remaining can be removed by pouring into the flask a 
small quantity of clean benzine or kerosene, and repeating the opera- 
tion. 


Fineness 

16. Significance. It is generally accepted that the coarser par- 
ticles in cement are practically inert and that only the extremely fine 
powder possesses cementing qualities. The more finely cement is 
pulverized, other conditions being the same, the more sand it will 
carry and so produce a mortar of a given strength. 

17. Ayyaratus. The fineness of a sample of cement is deter- 
mined by weighing the residue retained on certain sieves. Those 
known as No. 100 and No. 200, having approximately 100 and 200 
wires per linear inch, respectively, should be used. They should 
be at least 8 inches in diameter. The wire cloth should be of brass 
wire and should conform to the following requirements : 



No. of Sieve 

Diameter of AA'ire 

Meshes per 

Linear Inch 

Warp 

Woof 

100 

0.0042 to 0.0048 in. 

95 to 101 

93 to 103 

200 

0.0021 to 0.0023 in. 

.192 to 203 

190 to 205 


The meshes in any smaller space, down to 0.25 inch, should be 
proportional in number. 

IS. Method. The test should be made with 50 grams of 
cement, dried at a temperature of 100° C. (212° F.). 

19. The cement is placed on the No. 200 sieve, which, with pan 
and cover attached, is held in one hand in a slightly inclined position 
and moved forward and backAvard about 200 times per minute, at 
the same time striking the side gently, on the up stroke, against the 
palm of the other hand. The operation is continued until not more 
than 0.05 gram will pass through in one minute. The residue is 
weighed, then placed on the No. 100 sieA^e, and the operation re- 
peated. The work may be expedited by placing in the sieve a few 
large steel shot, which should be removed before the final one minute 
of sieving. The sieves should be thoroughly dry and clean. 

NoRM.tL Consistency 

20 Significance. The use of a proper percentage of water in 
making pastes* and mortars for the various tests is exceedingly 
important and vitally affects the results obtained. 

21. The amount of water, expressed in percentage by weight of 
the dry cement required to produce a paste of plasticity desired, 
termed “normal consistency”, should be determined with the Meat 
apparatus in the following manner: 

22. xipparatus. This consists of a frame (N), Fig. 2, bearing a 
movable rod {B), Aveighing 300 grams, one end (C) being 1 cm. in 
diameter for a distance of 6 cm., the other having a removable 
needle {D), 1 mm, in diameter, 0 cm. long. The rod is reversible, 
and can be held in any desired position by a screAV {E), and has mid- 
way betAveen the ends a mark (F) which moves under a scale (gradu- 
ated to millimeters) attached to the frame {A). The paste is held 
by ahonical, hard-rubber ring (G), 7 cm. in diameter at the base, 4 cm. 
high, resting on a glass plate (H) about 10 cm. square. 

23. Method. In making the determination, the same quantity 
of cement as aauII be used subsequently for each batch in making the 

*The term “paste'* is used in this report to designate a mixture of cement and water, and 
the word “mortar” to designate a mixture of cement, sand, and water. 









24. The paste is oi jiunmu ^ 

settles to a point 10 mm. I.elc.w tim <.riuim.l 'ur a..- ... ..... I.a 
minute after beiiiK rcliuseil. The ni.pitnitua inn-l I" (r. . nil 

vibrations during the test. ^ 

25. Trial pastes are made with varying jarmifacr . .4 w.iirr 

until the normal coiisisteney is olitiiineil. 

26. Having determined the pereeutiige nf tuitrr rr^ntr^-.i f.. 
produce a paste of normal eonsistem’y, tin* jMTfentmrr ri tfnsri <1 l>*r n 
mortar containing by weight one purl »>f eejm'ut !u ihr.t p.irf ,4 
standard Ottawa sand is ul)tniiie<l from I'nbh* 11, fin umunu* 

being a percentage of the combined weight of tise renn iJ at,*! 


TABU* II 

Percentage nf Water for Stntutnrd Murtne 


Ncut 

Ono winont.. 

Ni'iti 

i , 



tlirei! Htnndanl 
Ottawa Katid 

Mil*'*' il * 



1.5 

8.0 

28 

!i :5 

1 

\ii 

16 

8.2 

21 

.5 


i ' * 

17 

8.8 

2ri 

'.1 ? 


• t 

18 

S.f) 

26 

'.1 s 

i 


19 

8.7 

27 

m 11 

, 

* ^ 

20 

8.8 

28 

m 2 


1 1 

21 

9.0 

29 

m 8 


! ! 

22 

9.2 

8(1 

m :« : 

\ 

» 1 


Timk (IF 

27. Significance. The objeet «>f thi. tr .t i. t.. i* ili. 

^ Jl , . • ) » « » « 
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time which elapses from the momemt wafer i . addr.l unid flo p.i !<• 
ceases to be plastic (called the "initial M*t"j, ami a! m tin tsrif njif il 
it acquires a certain degree of hardiiehs teallril tlse "Ip .d » f (<r 
‘‘hard set”). The former is the more impiTtaot . ifar. vifh thr 
commencement of setting, the proee.ss of rr\ ■■talli.'af am b. -ia . A , 
a disturbance of this proee.ss may produre u lo . . i.f tmuilt. it i* 
desirable to complete the operuti’ou of mi\ing or niol.lim- ..r 
porating the mortar into tlu^ Work before tin* riiia ht luaio f" t i. 

■+i ^^'ppniatu.'i, 1 he initial aiul Imul i-ef ■ bnuhl br (|< in nuim d 
with the Vicat apparatus de.seribed in paragrajdi lA,*. 
u A jiaste of normal eom.i-trnr\ i 10 . 4 .!, ,1 in t b.e 

hard-rubber ring, as described in paragraph pLov.l umh-r 

the rod {B) the smaller end of which is iben r.ir. fulb, bi..n.-!d i?i 
contact with the surface of the paste, and the md .pii. I!-, r. 1. a . d. 

4U. ihe initial set is said to liave omirr.-d whr-. !!*r , 
ceases to pass a point 5 mm. above tln« gh, . .. plaf.-; .ir,d t!.' tir.d n . 
when the needle does not s nk vkl!,!.. - 



this may be accomplished by placing them on a rack over water con- 
tained in a pan and covered by a damp cloth; the cloth to be kept 
from contact with them by means of a wire screen; or they may be 
stored in a moist box or closet. 

32. Care should be taken to keep the needle clean, as the col- 
lection of cement on the sides of the needle retards the penetration, 
while cement on the point may increase the penetration. 

33. The time of setting is affected not only by the percentage 
and temperature of the water used and the amount of kneading the 
paste receives, but by the temperature and humidity of the air, and 
its determination is, therefore, only approximate. 

Standakd Sand 

34. The sand to be used should be natural sand from Ottawa, 
111., screened to pass a No. 20 sieve, and retained on a No. 30 sieve. 
The sieves should be at least 8 inches in diameter; the wire cloth 
should be of brass wire and should conform to the following require- 
ments : 


No. of Sieve 

Diameter of Wire 

M ISSUES TER 

Linear Inch 

Warp 

Woof 

20 

0.016 to 0.017 in. 

19.5 to 20.5 

19 to 21 ) 

30 

0.011 to 0.012 in. 

29.5 to 30.5 

28.5 to 31.5 


Sand which has passed the No. 20 sieve is standard when not 
more than 5 grams passes the No. 30 sieve in one minute of con- 
tinuous sifting of a 500-gram sample.* 


Form of Test Pieces 

35. For tensile tests the form of test piece shown in Fig. 3 
should be used. 

36. For compressive tests, 2-inch cubes should be used. 

Molds 

37. The molds should be of brass, bronze, or other non- 
corrodible material, and should have sufficient metal in the sides to 
prevent spreading during molding. 

38. Molds may be either single or gang molds. The latter are 
preferred by many. If used, the types showm in Fig. 4 are recom- 
mended. 

*Tliis sand may be obtained from the Ottawa Silica Company at a cost of two cents per 
pound, f. o. b. cars, Ottawa, 111. 









Fig. 4. Types of Briquette Molds 





Mixing 

40. The proportions of sand and cement should be stated by 
weight; the quantity of water should be stated as a percentage by 
weight of the dry material. 

41. The metric system is recommended because of the con- 
venient relation of the gram and the cubic centimeter, 

42. The temperature of the room and of the mixing water 
should be maintained as nearly as practicable at 21° C. (70° F.) 

43. The quantity of material to be mixed at one time depends 
on the number of test pieces to be made; 1000 grams is a con- 
venient quantity to mix by hand methods. 

44. The (Committee has investigated the various mechanical 
mixing machines thus far devised, but cannot recommend any of 
them, for the following reasons ; (1) the tendency of most cement is 
to “ball up” in the machine, thereby preventing working it into a 
homogeneous paste; (2) there are no means of ascertaining when the 
mixing is complete without stopping the machine; and (3) it is diffi- 
cult to keep the machine clean. 

45. Method. The material is weighed, placed on a non- 
absorbent surface (preferably plate glass), thoroughly mixed dry, if 
sand be used, and a crater formed in the center, into which the 
proper percentage of clean water is poured; the material on the 
outer edge is turned into the center by the aid of a trowel. As soon 
as the water has been absorbed, which should not require more than 
one minute, the operation is completed by vigorously kneading with 
the hands for one minute. During the operation the hands should 
be protected by rubber gloves. 

Molding 

46. The Committee has not been able to secure satisfactory 
results with existing molding machines; the operation of machine 
molding is very slow, and is not practicable with pastes or mortars 
containing as large percentages of water as herein recommended. 

47. Method. Immediately after mixing, the paste or mortar is 
placed in the molds with the hands, pressed in firmly with the 
fingers, and smoothed off with a trowel without ramming. The 
material should be heaped above the mold, and, in smoothing off, 
the trowel should be drawn over the mold in such a manner as to 
exert a moderate pressure on the material. The mold should then 
be turned over and the operation of heaping and smoothing off 
repeated. 

48. A check on the uniformity of mixing and molding may be 
afforded by weighing the test pieces on removal from the moist 


3% from the average should not he eoiij’idrrcti. 

Stokage of the Test Tii < i>» 

49. During the first 24 hours affiT iimldiujE fhr ft t |.Jt<i , 
should be kept in moist air to prevent drying, 

50. Two methods are in eoimiion tise tn |«rr\rnf dr;, ior: i ■ 
covering the test pieee.s with a damp cloth, and «l!i jihn ii.;- ili. in in a 
moist closet. The u.se of tlm danij) cloth, a * u indl} < .triT d t.nf. j , 
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objectionable, bcemiso the clod, drv „„| 

quence the test pieces will not all lie siiiiipi-inl (, 1 11, ' I 
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some smhlar arrangement.’ A „ , . , 
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in securing iiuifonnly moist air, and is so easily devised and so 
inexpensive, that the use of the damp cloth should be abandoned. 

51. A moist closet consists of a soapstone or slate box, or a 
wood box lined with metal, the interior surface being covered with 
felt or broad wickiug kept wet, the bottom of the box being kept 
covered with water. The interior of the box is provided with glass 
shelves on which to place the test pieces, the shelves being so arranged 
that they may be withdrawn readily. 

52. After 24 hours in moist air, the pieces to be tested after 
longer periods should be immersed in water in storage tanks or pans 
made of non-corrodible material. 

53. The air and water in the moist closet and the water in the 
storage tanks should be maintained as nearlv as practic’able at 21° 
C. (70° F.). 

Tensile Strength 

54. The tests may be made with any standard machine. 

55. The clip is shown in Fig. 5. It must be made accurately, 
the pins and rollers turned, and the rollers bored slightly larger than 
the pins, so as to turn easily. There should be a slight clearance at 
each end of the roller, and the pins should be kept properly lubricated 
and free from grit. The clips should be used without cushioning at 
the points of contact. 

56. Test pieces should be broken as soon as they are removed 
from the water. Care should be observed in centering the test 
pieces in the testing machine, as cross strains, produced by imperfect 
centering, tend to lower the breaking strength. The load should 
not be applied too suddenly, as it may produce vibration, the shock 
from which often causes the test piece to break before the ultimate 
strength is reached. The bearing surfaces of the clips and test 
pieces must be kept free from grains of sand or dirt, which would 
prevent a good bearing. The load should be applied at the rate of 
600 pounds per minute. The average of the results of the test 
pieces from each sample should be taken as the test of the sample. 
Test pieces which do not break wdthin | inch of the center, or are 
otherwise manifestly faulty, should be excluded in determining 
average results. 

CO-AIPKE.SSIVE vStRENGTII 

57. The tests may be made with any machine provided with 
means for so applying the load that the line of pressure is along the 
axis of the test piece. A ball-bearing block for this purpose is 
shown in Fig. 6. Some appliance should be provided to facilitate 
nlnpinsr the axis of the test niece exactlv in line with the center of 
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in other cases may not develttj) for a oiaisitlrralilr time. Siurc the 
detection of these destructive (iiialilics licforc i^iui: the t i-nifnt in 
construction is essential, tests are iiimle iml oidx luidtT ii«irnial 
conditions but under artilieial (‘ondiliniis iTisiirti in ha ifu the 
development of these defects. Tests may. iherefnrc. In- di\ i«h d inti> 
two classes: (1) normal tests, made in eitht'r air or water luaiut aiucil, 
as nearly as practicable, at 21° ('. (TO" h'.i; ami i;*' ar.vh i'ateil 
tests, made in air, steam, or \Yater, at temperature of h'l t '. 1 1 b'. 
F.) and upward. The (ummittiM' rpoononi'niL il,,- i- ir t . be 



b(). Methods, rats, about o inches in diameter, ^ inch thick 
at the center, and tapering to a thin edge, should be made on clean 
glass plates (about 4 inches square) from cement paste of normal 
consistency, and stored in a moist closet for 24 hours. 

61. Normal Tests. After 24 hours in the moist closet, a pat 
is immersed in water for 28 days and observed at intervals. A 
similar pat, after 24 hours in the moist closet, is exposed to the air 
for 28 days or more and observed at intervals. 



Fig. 7. Details of .A.pparatus for Making Accelerated Tests on Cement Blocks 


62. Accelerated Te.st. After 24 hours in the moist closet, a pat 
is placed in an atmosphere of steam, upon a wire screen 1 inch above 
boiling water, for 5 hours. The apparatus should be so constructed 
that the steam will escape freely and atmospheric pressure be main- 
tained. Since the type of apparatus used has a great influence on 
the results, the arrangement shown in Fig. 7 is recommended. 

63. Pats which remain firm and hard and show no signs of 




cracking, distortion, or disintegration are said to be ot constant 
volume’^ or “sound”. 

64. Should the pat leave the plate, distortion may be detected 
best with a straightedge applied to the surface which was in contact 
with the plate. 

65. In the present state of our knowledge it cannot be said that 
a cement which fails to pass the accelerated test will prove defective 
in the work; nor can a cement be considered entirely safe simply be- 
cause it has passed these tests. 

George S. Webster, Chairman. 
Richard 'L. Humphrey, Secretary. 
W. B. W. Howe, 

F. H. Lewis, 

S. B. Newberry, 

Alfred Noble, 

Clifford Richardson, 

L. C. Sabin, 

George F. Svvain. 

Standard Cement Specifications* 

General. Observations 

1. These remarks have been prepared with a view of pointing 
out the pertinent features of the various requirements and the 
precautions to be observed in the interpretation of the results of 
the tests. 

2. The Committee would suggest that the acceptance or re- 
jection under these specifications be based on tests made by an 
experienced person having the proper means for making the tests. 

SPECIFIC GRAVinr 

3. Specific gravity is useful in detecting adulteration. The 
results of tests of specific gravity are not necessarily conclusive as 
an indication of the quality of a cement, but when in combination 
with the results of other tests may afford valuable indications. 

FINENESS 

4. The sieves should be kept thoroughly dry. 

TIME OF SETTING 

5. Great care should be exercised to maintain the test pieces 
under as uniform conditions as possible. A sudden change or wide 
range of temperature in the room in which the tests are made, a 
very dry or humid atmosphere, and other irregularities vitally 
affect the rate of setting. 


’Adopted August IG, 1909, by the American Society for Testing Materials. 



CONSTANCY OF VOLUME 


G. The tests for constancy of volume are divided into two 
classes, the first normal, the second accelerated. The latter should 
be regarded as a precautionary test only, and not infallible. So 
many conditions enter into the making and interpreting of it that it 
should be used with extreme care. 

7. In making the pats, the greatest care should be exercised 
to avoid initial strains due to molding or to too rapid drying-out 
during the first 24 hours. The pats should be preserved under the 
most uniform conditions possible, and rapid changes of temperature 
should be avoided. 

8. The failure to meet the requirements of the accelerated tests 
need not be sufficient cause for rejection. The cement, however, 
may be held for 28 days, and a retest made at the end of that period, 
using a new sample. Failure to meet the requirements at this time 
should be considered sufficient cause for rejection, although in the 
present state of our knowledge it cannot be said that such failure 
necessarily indicates unsoundness, nor can the cement be considered 
entirely satisfactory simply because it passes the tests. 

GENERAL COxNDITIONS 

1. All cement shall be inspected. 

2. Cement may be inspected either at the place of manufacture 
or on the work. 

3. In order to allow ample time for inspecting and testing, the 
cement should be stored in a suitable weather-tight building having 
the floor properly blocked or raised from the ground. 

4. The cement shall be stored in such a manner as to permit 
easy access for proper inspection and identification of each shipment. 

5. Every facility shall be provided by the contractor, and a 
period of at least 12 da^^s allowed for the inspection and necessary 
tests. 

G. Cement shall be delivered in suitable packages, with the 
brand and name of manufacturer plainly marked thereon. 

7. A bag of cement shall contain 94 pounds of cement net. Each 
barrel of Portland cement shall contain 4 bags, and each barrel of 
natural cement shall contain 3 bags of the above net weight. 

8. Cement failing to meet the 7-day requirements may be held 
awaiting the results of the 28-day tests before rejection. 

9. All tests shall be made in accordance with the methods 
proposed by the Special Committee on Uniform Tests of Cement of 

' the American Society of Civil p]ngineers, presented to the Society 
on January 17th, 1912, with all subsequent amendments thereto. 

10. The acceptance or rejection shall be based on the following 

rpmiirpTYipnf « • 



Natural Cement 

11. Definition. This term shall be applied to the finely pul- 
verized product resulting from the calcination of an argillaceous 
limestone at a temperature only suflBcient to drive off the carbonic 
acid gas. 

FINENESS . 

12. It shall leave by weight a residue of not more than 10% 
on the No. 100, and 30% on the No. 200 sieve. 

TIME OF SETTING 

13. It shall not develop inital set in less than 10 minutes, and 
shallnot develop hard set in less than 30 minutes, or more than 3 
hours. 

TENSILE STRENGTH 

14. The minimum requirements for tensile strength for bri- 
quettes 1 square inch in cross section shall be as follows, and the 
cement shall show no retrogression in strength within the periods 
specified : 


Neat Ceme^it 

AGE STRENGTH 

24 hours in moist air 75 lb. 

7 days (1 clay in moist, air, 6 days in water) 150 lb. 

28 days (1 day in moist air, 27 days in water) 250 lb. 

One Part Cement, Three Parts Standard Oiiaira Sand 

7 days (1 day in moist air, 6 days in water) 50 lb. 

28 days (1 day in moist air, 27 days in water) 125 lb. 


CONSTANCY OF VOLUME 

15. Pats of neat cement about 3 inches in diameter, ^ inch 
thick at the center, tapering to a thin edge, shall be kept in moist 
air for a period of 24 hours. 

(rt) A pat is then kept in air at normal temperature. 

(b) Another is kept in water maintained as near 70° F. as 
practicable, 

16. These pats are observed at intervals for at least 2(S days, 
and, to pass the tests satisfactorily, should remain firm and hard 
and show no signs of distortion, checking, cracking, or disintegrating. 

Portland Cement 

17. Definition. This term is applied to the finely pulverized 
product resulting from the calcination to incipient fusion of an 
intimate mixture of properly proportioned argillaceous and cal- 
careous materials, and to which no addition greater than 3% has 
been made subsequent to calcination. 



IS. The specific gravity of cement shall be not less than 3.10. 
Should the test of cement as received fall below this requirement, a 
second test may be made on a sample ignited at a low red heat. 
The loss in weight of the ignited cement shall not exceed 4 per cent. 

FINENE.SS 

19. It shall leave by weight a residue of not more than S% on 
the No. 100, and not more than 25% on the No. 200 sieve. 

TIME OF SETTIHG 

20. It shall not develop initial set in less than 30 minutes; 
and must develop hard set in not less than 1 hour, nor more than 
10 hours. 

TEN.SILE STRENGTH 

21. The minimum requirements for tensile strength for bri- 
quettes 1 square inch in cross section shall be as follows, and the 
cement shall show no retrogression in strength within the periods 


specified : 

Neat Cement 

AGE STRENGTH 

24 hours in moist air 175 lb. 

7 days (1 clay in moist air, 6 days in water) 500 lb. 

28 days (1 day in moist air, 27 days in water) 600 lb. 

One Part Cement, Three Parts Standard Oitau'a Sand 

7 days (1 day in moist air, 6 days in water) 200 lb. 

28 days (1 day in moist air, 27 days in water) 275 lb. 


CONST.ANCY OF VOLUME 

22. Pats of neat cement about 3 inches in diameter, | inch 
thick at the center, and tapering to a thin edge, shall be kept in 
moist air for a period of 24 hours. 

(«) A pat is then kept in air at normal temperature and 
observed at intervals for at least 28 days. 

{h) Another pat is kept in water maintained as near 70° F. 
as practicable, and observed at intervals for at least 28 
days. 

(c) A third pat is exposed in any con^'enient w'ay in an atmos- 
phere of .steam, above boiling w’ater, in a loosely closed 
vessel for 5 hours. 

23. These pats, to pass the requirements satisfactorily, shall 
remain firm and liard, and show no signs of distortion, checking, 
cracking, or disintegrating. 

BULrilCRIC ACID AND MAGNESIA 

24. The cement shall not contain more than 1.75% of anhy- 
drous sulphuric acid (SQ-d, nor more than 4% of magnesia (MgO). 



■•1 I 


111 ng. o. ix rescrvun uunuiiiis a. buppiy ui miul, wiiiuii laiis Liiiuuyii 
the pipe closed by means of a valve at the bottom. The briquette 
is carefully placed between the clips, as shown in the figure, and the 


Ccmnnt ToKling Scales willi nririiu'tli? in 1' 
Courlcuu of Fairbanks, Morse and Vumpaiin 


wheel below is turned until the indicators are inline. A hook lever 
is moved so that a screw worm is engaged with its gear. Then 
the valve of the shot reservoir is opened so as to allow the shot to 
run into the cup, a small valve regulating the flow of shot into 





Luu tjup. i3t;LLer results wiu i.)3 oDtaiiiea Dy allowing tne snot 
to run slowly into the cup. The crank is then turned with just 
sufficient speed so that the scale beam is held in position until the 
briquette is broken. Upon the breaking of the briquette, the scale 
beam falls, and automatically closes the valve. The weight of 
the shot in the cup then indicates, according to some definite 
ratio, the stress required to break the briquette. 

SAND 

Sand is a constituent part of mortar and concrete. The strength 
of the masonry is dependent to a considerable extent on the qualities 
of the sand and it is therefore important that the desirable and the 
defective qualities should be understood, and that these qualities be 
always investigated as thoroughly as are the qualities of the cement 
used. There have been many failures of structures due to the use 
of poor sand. 

Object. Sand is required in mortar or concrete for economy 
and to prevent the excessive cracking that would take place in neat 
lime or cement without the use of sand. Mortar made without sand 
would be expensive and the neat lime or cement would crack so 
badly that the increased strength, due to the neat paste, would be 
of little value, if any, on account of it contractiiig and cracking very 
badly. 

Essential Qualities. The wmrd “sand” as used above is intend- 
ed as a generic term to apply to any finely divided material which 
will not injuriously affect the cement or lime, and which is iu)t subject 
to disintegration or decay. Sand is almost the only material which 
is sufficiently cheap and which will fulfil these requirements, 
although stone screenings (the finest material coming from a 
stone crusher), powdered slag, and even coal dust have occasion- 
ally been used as substitutes. Specifications usually demand that 
the sand shall be “sharp, clean, and coarse”, and such terms 
have been repeated so often that they are accepted as standard, 
notwithstanding the frequent demonstration that modifications 
of these terms are not only de.sirable but also economical. Thc.se 
words also ignore other qualities which should be considered, 
especially when deciding between two or more different sources of 
sand supply. 



Geological Character. Quartz sand is the most durable and 
unchangeable. Sands which consist largely of grains of feldspar, 
mica, hornblende, etc., which will decompose upon prolonged expos- 
ure to the atmosphere, are less desirable than quartz, although, after 
being made up into the mortar, they are virtually protected against 
further decomposition. 

Coarseness. A mixture of coarse and fine grains, with the 
coarse grains predominating, is found very satisfactory, as it makes 
a denser and stronger concrete with a less amount of cement than 
when coarse-grained sand is used with the same proportion of cement. 
The small grains of sand fill the voids caused by the coarse grains so 
that there is not so great a volume of voids to be filled by the cement. 
The sharpness of sand can be determined approximately by rubbing 
a few grains in the hand or by crushing it near the ear and noting if a 
grating sound is produced; but an examination through a small lens 
is better. 

Sharpness. Experiments have shown that round grains of 
sand have less voids than angular ones, and that water-worn sands 
have from 3 to 5 per cent less voids than corresponding sharp 
grains. In many parts of the country where it is impossible, except 
at a great expense, to obtain the sharp sand, the round grain is used 
with very good results. Laboratory tests made under conditions as 
nearly as possible identical, show that the rc)unded-grain sand gives 
as good results as the sharp sand. In consequence of such tests, 
the requirement that sand shall be sJiaiy is now considered useless 
by many engineers, especially when it leads to additional cost. 

Cleanness. In all specifications for concrete work, is found 
the clause; “The sand shall be clean.” This requirement is some- 
times questioned, as experimenters have found that a small per- 
centage of clay or loam often gives better results than when clean 
sand is used. “Lean” mortar may be improved by a small per- 
centage of clay or loam, or by using dirty sand, for the fine material 
increases the density. In rich mortars, this fine material is not 
needed, as the cement furnishes all the fine material necessary and, 
if clay or loam or dirty sand were ii.sed, it might prove detrimental. 
Whether it is really a benefit or not, depends chiefly upon the rich- 
ness of the concrete and the coarseness of the sand. Scune idea of 
the cleanliness of sand may be obtained by placing it in the palm of 
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is dirty, it will badly discolor the palm of the hand. When it is 
found necessary to use dirty sand, the strength of the concrete 
should be tested. 

Sand containing loam or earthy material is cleansed by washing 
with water, either in a machine specially designed for the purpose, 
or by agitating the sand with w^ater in boxes provided wdth holes to 
permit the dirty water to flow away. 

Very fine sand may be used alone, but it makes a weaker con- 
crete than either coarse sand or coarse and fine sand mixed. A 
mortar consisting of very fine sand and cement will not be so dense 
as one of coarse sand and the same cement, although, when measured 
or weighed dry, both contain the same proportion of voids and 
solid matter. In a unit measure of fine sand, there are more grains 
than in a unit measure of coarse sand and, therefore, more points of 
contact. More water is required in gaging a mixture of fine sand 
and cement than in a mixture of coarse sand and the same cement. 
The water forms a film and separates the grains, thus producing a 
larger volume having less density. 

The screenings of broken stone are sometimes used instead of 
sand. Tests frequently show a stronger concrete when screenings 
are used than when sand is used. This is perhaps due to the vari- 
able sizes of the screenings, which would have a less percentage of 
voids. 

Percentage of Voids. As before stated, a mortar is strongest 
when composed of fine and coarse grains mixed in such proportion 
that the percentage of voids shall be the least. The simplest method 
of comparing two sands is to weigh a certain gross volume of each, 
the sand having been thoroughly shaken down. Assuming that the 
stone itself of each kind of sand has the same density, then the 
heavier volume of sand will have the least percentage of voids. The 
actual percentage of voids in packed sand may be approximately 
determined by measuring the volume of water which can be added 
to a given volume of packed sand. If the water is poured into the 
sand, it is quite certain that air will remain in the voids in the sand, 
which will not be dislodged by the water, and the apparent volume 
of voids will be less than the actual. The precise determination 
involves the measurement of the specific gravity of the stone of 


which the sand is composed, una nw _ • 

sand, all of which is doiu' with clalmriitf prepaid i.>n . Uriliaardy. 
snch’precise determinations arc of little pnirtiml larr ?lir 

product of anyone sand hank is (piitc vnriahir, Whsh- ii v.»tuh! hr 
theoretically possible to mix line and coarse sand. \ an my thr r.»f u. 
according to the varying coarsiun'ss of the graim- a nld.uin >! Itrini 
the sand pit, it is quite, iirobable that an ovrr-rrlinrinr!:,! in fhi 
particular would cost more than the jmssihie saving i uni fh ( Irdi- 
narily, sand has from 28tu-l() percent of void'-. An r-vp' nnu ui.d 
test of sand of various degn'cs of Hneness, 12’ ])rr ri-nf ut if p.t ing 
a No. 100 sieve, showed only 22 per cent of void .; htif orb a \ .diir 
is of only theoretical iuti'rc'st. 

BROKI-N STONIl 

Classification of Stones. 'I'liis term ortliiiaril> • iyniii< tbr 
product of a stone crusher or the n'sult of haiuhbrrakinc h;. b.uuiurr. 
ing large blocks of stone; lint the term nia\ a! n inrlndr 
described below. 

The best, hardest, and most durable broken ' lime t mok irion 
the irap rach, which are dark, heavy, close-grained reek <<1 n imo 
origin. The term f/mm'/r is usually made to im-buir- i:.a i.iJ* true 
granite, but also gneiss, mica .seliisl, syenite, etc. Tlie . ;ue ju t a 
good for concrete work, and are usually les. expen i’. e. / .i 
is suitable for some kinds of concrete work; but it . -treurtb i mu «* 
great as that of granite or tra]) rock, and it i. more aile, ted b> a 
conflagration. Coiuilamcmir, often eallecl pudd/fo/ .v/e?., . make a 
very good concrete stone. Tlie vabie of ,siiiiilsjniu fur eeueri te i 
very variable according to its t(‘.\t lire. Some irrade- are \er*. i mui- 
pact, hard, and tough, and iiuik(' ti gooi! eoiierete; niber gradt ■ are 
friable, and, like shale and slale, are ])raetieally unlit fer u e. t I 
consists of pebbles of variotis sizes, ])rodueeii frnin time wbieli ba\e 
been broken up and tlien worn .smooth with romuhal eiuaier . The 
verj'^ fact that they have been exjaiseil lor iiideiinit e perii'd in 
atmospheric disintegration and ineelianieal wear i- a i-nnif uf the 
durability and meehanieal streiigtb of the stone. 

Size of Stone and Its Ihilfoniiily. 'Pber.' i. bardl;. aui limita- 
tion to the size of stone which may In- used in large ITu !, ..i ma i\ e 
concrete, since it is now Imiueiitlv the custtmi i.. in ert the e lane 


sluiic, Htil the term hnihfii .v/u//r slimild he eoiilined to those ])i('e('s 
oT a si'/,<’ which may he readily mixe<i up in a mass, as is done when 
mixini^ eonerele; and this virtually limits the size to stones which 
will j)a>s through a 2.1-ineh rin^. The lower limit in si/A' is v('ry 
indelinite, since the ]>roduet t)!’ a, stone ernslu'r includes all sizes 
down to stone dn.-^t sereeniiij^s, such us art' siihstituted ])artially or 
t'litirely for saml, as previously note<l. hraetieally tin* only us(‘ of 
hroUen stone in masonry eonstruetion is in tin* makinji; of eonende; 
anil, since one of the most essential iVatnres of ^'ood eoneiada' eon- 
sfriietiftii i.- that the concrete shall have the [jreatc'st possihh' dtaisity, 
it is important to reihiee the per<‘enta);'e of voi<ls in the sioiu' as much 
as ])o,-.,dhle. ddiis i)ere(’nta^:e can he d(‘t(‘nnined with sudieient 
accuracy for ordinary unim])ortant work, hy tin* v<'ry sim])l(‘ nudhod 
jircviously dcscrihcd for ohtainin.u; that pereimtaiiie with sand - 
namely, hy measiirinc how much water will h(' napiinal to lill up tlu; 
eaN'ities in a }.ri\«'n Nuluine of <lry stone. As Ix'foia', such a sim])l(' 
di'lcrnnnatioii is .••otncwhal im-xact, owiiiff to the prohahility that; 
hiihhles of air will he retained in tin* stoiu* which will naluee the 
percentage somewhat, anil also he<-ause of tlu' nneiadainty involved 
as to whether tiu' stone is previously dry or is saturati'd with wati'r. 
Some engineers drop the stone slowdy into tlu* vessi'l eontaininc; tlu' 
water, rather than jiour the water into the vessi-l eontaininii; thi' 
stone, with the idea that the error dui‘ to the formation of air huhhh's 
will he decrc,'i:cd hy this method. Tlu' i)cn>enlaya' of I'rror, howtwc'r, 
due to such c.-uiscs, is far less than it is in a similar test of sand, and 
the error for ordinary work is too small to lun'c any ])raetieal (dUud 
on the result. 

J lhi,'<iriiliir Exnmplr, A pail havin.u a mean inside dianuder of 
1(1 inches and a height of M inehi's is lilled with hroken stoiu' well 
shaken down; a similar pail lilled with water to a ih'pth ol S inelu's 
is iiourcil into the {)ail of stone until tlie water fills n]> all tin' landtic's 
and is hwel with the top of the stone; there is still 2', inelu's (h'i)th 
of water in the ]iail. This means that a depth ot o'j inelu's has hiam 
used to (ill up the \‘oids. 'The area of a Itl-inch eirch' is TS.o I scjuare 
inches .and therefore the volume ol the hrokiai stone was TS.olXl-l 
1 ,()!)*. I.. hit laihie inches, d’he volunu' ol the wati'r used to lill th(' 
pail was 1 d.h.To, or Idl.t) euhie inches, d’his is 11 per cent 



01 the volume oi tue hwhu.-, luui u. , 

The accuracy of the above (-ompufulion^ .h'pru*! Iarr»-I> ..n ?!h- 
accuracy of the measurement of tlie matn imhlr Akmd, r ni ihr j.ail. 
If the pail were truly cylimlrietil, there wettltl be m. marrurur) . If 
the pail is flaring, tlie inaeeuraey might be eon .i«leritbb-; uinl if a 
precise value is desired, more aeeuriite metluHb. •demhi }»- elH. en i.. 
measure the volume of the stone and of the* uatr^r. 

ScveBTied Sto}i(' Uiiiu'ct'nHurii, It i'-; in^ariuld} ittiau! fb.tf 
unscreened stone or the run of ihv vruaht r has, a inr le . |H'r« « nf ane «»f 
voids than screened stone, and it is therefnre lu'i ;m e\«ra 

expense, but also an injury to the eouerete, in spe. ii\ llial br*tk«'n 
stone shall be screened before iieing used in etue ri-le, nsdr . as 
described later, it is intemh'd to mix delinitr prujnn-f i'ui i.f n^i-ral 
sizes of carefully sereeiu'd broken stone, Sinre lb»' {irnpurtinii nf 
large and small particles in tlie run of the crudK-r drprud < i.u idrr- 
ably upon the character of the stone whieh i ■ le-iin; brulit ii up. ami 
perhaps to some extent on the eruslier it M‘lf, the i* prnptiriiMU bnuhl 
be tested at frequent intervals during tin* progn- < i>f the vn-rlv ; ;uul 
the amount of sand to be added to make a gmid funrrrtc botdd be 
determined by trial tests, so that the resulting jfiTi-i-nfa;*'- '»f mad . 
shall be as small as it is praetieable to make it. It 1 ii u;dl> f.«uml 
that the percentage of voids in eru.dier-rim granite i. a little lamer 
than in limestone or gravel. This gives a slight adsaisfage tu tin* 
limestone and gravel, which tends to etuu]ienuite fer the weakue s 
of the limestone and the rounded eorners nf the gra% el. 

Broken stone is fretjuently sold by the ton, in tend of by the 
cubic yard; but as its weight varies fmm ‘J'JiHi to Il'.'nn ponml > pei 
cubic yard, an engineer or eontraetor is uneortain u’, in Imu many 
cubic yards he is buying or how nmeh it ete-t . him pf-r < u} de \ ard 
unless he is able to test the partienljir stone and obtain an :r, eram 
figure as to its weight per unit of volumi*. 

Cinders. Cinders for eonereb* slionh! be free from ' oal or . not. 
Usually a better mixture ean be olitained by r creening the line ;-tntl 
from the cinders and then mixing in a larger proportion of and, 
than by using unscreened material, nltlioiigb. if the line lull' i. 
uniformly distributed tliroiigli ihc' mass, it ma\ be n td without 
screening, and a less proportion of saial med. 

As shoAvn later, the stri'iigth of eliulcr i ru- 1. tliMu 


high compressive values are necessary. But on account of its very 
low cost compared with broken stone, especially under some con- 
ditions, it is used quite commonly for roofs, etc., on which the loads 
are comparatively small. 

One possible objection to the use of cinders lies in the fact that 
they frequently contain sulphur and other chemicals which may 
produce corrosion of the reinforcing steel. In any structure where 
the strength of the concrete is a matter of importance, cinders should 
not be used without a thorough inspection, and even then the unit 
compressive values allowed should be at a very low figure. 

MORTAR 

Kinds of Mortar. The term mortar is usually applied to the 
mixture of sand and cementing material which is placed between 
the large stones of a stone structure, although the term might also 
be properly applied to the matrix of the concrete in which broken 
stone is embedded. The object of the mortar is to furnish a cushion 
for the stones above it, which, as far as possible, distributes the 
pressure uniformly and relieves the stones of transverse stresses and 
also from the concentrated crushing pressures to which the projecting 
points of the stone would be subjected. 

Common Lime Mortar. The first step in the preparation of 
common lime mortar is the slaking of the lime. This should be 
done by putting the lime into a water-tight box, or at least on a plat- 
form which is substantially water-tight, and on which a sort of pond 
is formed by a ring of sand. The amount of water to be used should 
be from 2^ to 3 times the volume of the unslaked lime. 

The “volume” of unslaked lime is a very uncertain quantity, 
varying with the amount of settlement caused by mere shaking which 
it may receive during transit. A barrel of lime means 230 pounds. 
If the barrel has a volume of 3.75 cubic feet, it would be just filled 
by .230 pounds of lime when this lime weighed about 61 pounds per 
cubic foot. This same lime, however, may be so shaken that it will 
weigh 75 pounds per cubic foot, in which case its volume is reduced 
to 81 per cent, or 3.05 cubic feet. Combining this with 2| to 3 times 
its volume of water will require about 8^ cubic feet of water to one 
barrel of lime. On the other hand, if the lime has absorbed moisture 



volume may oecome very maxeriaiiy increasea. 

Although close accuracy is not necessary, the lime paste will be 
injured if the amount of water is too much or too little. In short, 
the amount of water should be as near as possible that which is chem- 
ically required to hydrate the lime, so that on the one hand it shall be 
completely hydrated, and on the other hand it shall not be drowned 
in an excess of water which will injure its action in ultimate harden- 
ing. About three volumes of sand should be used to one volume of 
lime paste. Owing to the fact that the paste will, to a considerable 
extent, nearly fill the voids in the sand, the volume obtained from one 
barrel of unslaked lime made up into a mortar consisting of one part 
of lime paste to three parts of sand, will make about 6.75 barrels of 

mortar, or a little less than one 
cubic yard. 

Natural Cement Mortar. This 
is used, especially when mixed 
with lime to retard the setting, in 
the construction of walls of build- 
ings, cellar foundations, and, in 
general, in masonry where the 
unit stresses are so low that 
strength is a minor consideration, 
but where a lime mortar would 
not harden because it is to be under water, or in a solid mass 
where the carbonic acid of the atmosphere could not penetrate 
to the interior. When natural cement is dumped loosely in a 
pile, the apparent volume is increased one-third or even one-half. 
This must be allowed for in mixing. A barrel averages 3.3 cubic 
feet. Therefore a 1:4 mortar of natural cement would require one 
barrel of cement to 13.2 cubic feet (about one-half a cubic yard) of 
sand. A bottomless box similar to that illustrated in Fig. 9, and 
with inside dimensions of 3 feet X 2 feet 6 inches X 1 foot 9 inches, 
contains 13.2 cubic feet. It is preferable to use even charges of one 
barrel of cement in mixing up a batch of mortar, rather than to 
dump it out and measure it loosely. If the size of the barrel varies 
from the average value given above, the size of the sand box should 
be varied accordingly. The barrels coming from any one cement 



Fig. 9. Bottomle.ss Box for Measuring Sand 
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practically soiiu'wliat (lillitnilt to measure' accniraicly the vohuiui of 
a l)arrcl, owing to its swelling form, it is Ix'st to fill a sample barrel 
with looser <1ry sand, and then to measure the volume of that sand by 
('iiiptying it into a rectangular ])ox whose; inside; are'a, te)gethe'r with 
the lu'ight, e)f sand in it, earn be're'aelily me'asured. 

l^orllitnd ('nund Morhtr. A barre'l e)f ]N)rtlanel ('eineut will 
ce)utain dTO to .'ISO jiounds, net, eif e'e*nu'ut. .Its e‘a])ae‘ity average's 
about b.d e’ubie; fe'e't, although with se)me; brands the capacity may 
re'ach 15.75. '■J’lu; e'Xi)ansion, whe'u the e'e'uie'ut is thrown loosely in a 

])ile e;r into a nu'asuring be)x, varie'S from It) to -It) ])e'r cent. The 
subjee't will be' diseussi'd furtlu'r nneler the; lu'iiel e)f “(’e)ue'rete”. 

Lime in Cement Me)rtar. Lime' is fn'ejue'iitly e'lnjdoye'd in the 
eeme'ut mortar use'd for buildings, fe)r a e-ombination e)f re'ase)us: 

(a) It is \niqii<'Hti()n;il)ly inon! (‘cotuiiniiail ; l)Ut if the ])cni(Mitug«i adth'd 
(or lliat whii’h rrplact'.s iho {•(-iiumiI ) i.s mon* than ahotil, f) per (’.cut, tlx; Hlrcufjilh 
of lli(? iiiorlar is sacriliccd. 'I'hc i)crccnl/ia(' of Ions of Kir(‘n«( ]i depends on I Ik; 
riehnesH of i he mortar. 

(/)) tVln'ii u.sed with ii mortar leaner than 1:‘2, llie suhNiitulion of al)out 
10 per (’('lit. of linn' for an e(iual \vei{j;ht of eement. will ri'iider eonen'te more water- 
tight, although at. some saeriliee in strength. 

(r) It always m.’dxcs tin* mortar v'ork mon' ('asily and smoothly. In 
fjK't, a rich ('('inenl. mortar is V('ry />n(.s7i; it will not. stick to the hricks or stones 
wIk'ii striking a joint.. It, actually inen'a.ses tln^ output, of th(( masons to use a 
mortar which i.s renden'd smoolla'i' by the addition of linu'. 

The substitution of more' than 20 jicr eeut of lime eleert'ase's the 
stre'ugth laste'r tlniu the* ele'cre'tise in e'ost and tlu'i'efore .should not 
be pe'rmitte'd nnh'ss .stre'Ugth is a .se'eoiuhiry et)uside'ration and the 
combination is e’ouside're'd more as an eielditiou of e'e'ineut te) ti lime 
mortar in e)rde'r to rcudt'r it hyelraulit'. 

Effect e)f Re«(Kiging or Re^Mixing Mortar. Speeidcations and 
te'xtbooks htivt' re'jx'ate'dly e-opie'd from ejue anedlu'r a reepiiremeut 
that all mortar which is not used immediate'ly after being mixeel aiiel 
before it hits t;d<en tin iniiitil must be re'jeete'd anel thrown away. 
This .sj)('('iiie:ition is e'vide'iitly btise'd e)U the; ide'a tlnit after the inititil 
se't has bee'U disturbe'd and de'stre)ye'd, the; cement lU) longer has the 
powe'r of hareh'uing, e)r at h'ast that such ])owt'r is very materially 
and seriously re'diice'd. Ih'jx'ated experinu'uts, lunve've'r, have shown 
that iinde'r some' e'onditions the ultimate .strength e)f the mortar (e)r 
concrete') is ae-tnally inereast'd, anel that it is ne)t s('rie)nsly injured 



even wiien tne mortar is re-gagea several nours alter oemg ongmaiiy 
mixed with water. 

Effect on Lime Paste. Such a specification against re-mixing is 
never applied to lime paste, since it is well known that a lime paste 
is considerably improved by being left for several days (or even 
months) before being used. This is evidently due to the fact that 
even during such a period the carbonic acid of the atmosphere cannot 
penetrate appreciably into the mass of the paste, while the greater 
length of time merely insures a more perfect slaking of the lime. 
The presence of free unslaked lime in either lime or cement mortar 
is always injurious, because it generally results in expansion and 
disruptmn and possibly in injurious chemical reaction. 

Effect on Portland Cement. Tests with Portland cement have 
shown that if it is re-mixed two hours after being combined with 
water, its strength, both tensile and compressive, is greater after 
six months’ hardening, although it will be less after seven days’ 
hardening, than in similar specimens which are molded immediately 
after mixing. It is also found that the re-mixing makes the cement 
much slower in its setting. The adhesion, moreover, is reduced by 
re-mixing, which is an important consideration in the use of rein- 
forced concrete. 

Effect on Natural Cement. The effects of tests with natural 
cement are somewhat contradictory, and this is perhaps the reason 
for the original waiting of such a specification. The result of an 
elaborate series of tests made by Mr. Thomas F. Richardson showed 
that quick-setting cements "which had been re-mixed .showed a con- 
siderable falling off in strength in specimens broken after 7 days and 
28 days of hardening, yet the ultimate strength after six months of 
hardening was invariably increased. It is also found that for both 
Portland and natural cements there is a very considerable increase 
in the strength of the mortar when it is worked continuously for 
two hours before molding or placing in the masonry. Such an 
increase is probably due to the more perfect mixing of the constitu- 
ents of the mortar. 

Conclusions. The conclusion of the whole matter appears to be 
that, when it is desirable that considerable strength shall be attained 
within a few days or weeks (as is generally the case, and especially 
so 'with, reinforced-concrete work), the specification against re-mixing 



snouia ue rigiuiy eniorcea. ror tne comparatively rew cases wnere 
a slow acquirement of the ultimate strength is permissible, re-mixing 
might be tolerated, although there is still the question whether the 
expected gain in ultimate strength -would pay for the extra work. It 
would be seldom, if ever, that this claimed property of cement 
mortar could be relied on to save a batch of mortar which would 
otherwise be rejected because it had been allowed to stand after 
being mixed until it had taken an initial set. 

Proportions of Materials for Mortar. Liuie Mortar. As previ- 
ously stated, p. 47, a barrel of unslaked lime should be mixed with 
about 8| cubic feet of water. This will make about 9 cubic feet of 
lime paste. Mixing this with a cubic yard of sand will make about 
1 cubic yard of 1:3 lime mortar. This means approximately 
1 volume of unslaked lime to 8 volumes of sand. 

Cement Mortars. The volume of cement depends very largely 
on whether it is loosely dropped in a pile, shaken together, or packed. 
The practical commercial methods of obtaining a mixture of definite 
proportions will be given in the following section. Natural 
cement mortars are usually mixed in the 1 : 2 ratio, although a 1 : 1 
mixture would be a safer mixture to use. Portland cement will be 
used to make 1 : 3 mortar for ordinary work, and 1 : 2 mortar for very 
high-grade work. As previously stated, a small percentage of lime 
is sometimes substituted for an equal volume of cement in order to 
make the mortar work better. 

CONCRETE 

, CHARACTERISTICS AND PROPERTIES 

Concrete is composed of a mixture of cement, sand, and crushed 
stone or gravel, which, after being mixed with water, soon sets and 
obtains a hardness and strength equal to that of a good building 
stone. These properties, together with its adaptability to mono- 
lithic construction, combined with its cheapness, render concrete 
very useful as a building material. 

Principles Used in Proportioning Concrete. Theoretically, the 
proportioning of the sand and cementing material should be done 
by weight. It is always done in this way in laboratory testing. 
The volume of a given weight of cement is quite variable according 
as it is packed or loosely thrown in a pile. The same statement is 



true of sand. A barrel of Portland cein.-ul uill ‘uu-rea m vuluin. 
from 10 to 30 per cent by bein, mendy dmuia-d I-..; m a and 
then shoveled into a measuring box. In mea.maog Um mat rul . 
for concrete the cement should be ineastire.l m the ..rnnual pa. bam- j 
as it comes from the manufa<-ttirer, but the sand and tonr h.mld 
be measured loose as it is thrown in lb.* ineasurmg b. Ar I o a I- . 
extent uncertainty exists regarding the eonditinu ^ nf tlm : atid 
Loose dry sand occupies a (‘onsi.lerably larger volume than w.*( 
sand, and this is still more th<‘ <‘ase wlum tin* Nund i ^ ^ er> Itma 

Ideal Condiiionti. Tlie geiu'ral prim-iple In be adnptrd i . that 

the amount of water should be just sullieient In :mppl> that u.-.-ded 

for crystallization of the cement paste; that the ir.uuimt oi pa !e 
should be just sufficient to fill the voids between tin* partnl,-; nf 
sand; that the mortar thus produced slmidd I>e ju t uiln ient in till 
the voids between the broken stones. U this ideal enuld be n-ali/ed. 
the total volume of the mixed eonende wouhl be nn gn-aier than ibat 
of the broken stone. But no matter how thoroughly ami ear.-fully 
the ingredients are mixed and rammed, the partielc* nf erinetd will 
get betAveen the grains of sand and thus cause the ^ nbn^e nf the 
mortar to be greater than that of the saial; the grains nf ; and will 
get betw^een the smaller stones and se])urute them; and the analh-r 
stones will get behveen the larger stones and st'parale them. pApen- 
ments by Prof. I. 0. Baker have .shown that, even when tlie \ nlnme 
of the mortar was only 70 per cent of the volunu' nf the \nitl'- in the 
broken stone, the volume of the rannneil eonende was n ]>er <’ent 
more than that of the broken stone, ^^dl('n the tlienretli-al .'Uimtud 
of mortar was added, the volume w'us 7.0 per cent i)i execs,, which 
shows that it is practieally impossilde to ram siich muende and 
wholly prevent voids. When mortar amounting 1 (j 1 10 per cent td 
the voids was used, all voids W’ere appuri'iitly filled, but tbe vnbune 
of the concrete was 114 per cent of that of the brokt'U stone. 

Conditions in Practice. Therefore, on account of tbe iinprae- 
ticability of securing perfect mixing, tlu^ amnnnl of water used is 
always somewhat in excess (which will do m) barm a, the ceuieut 
paste is generally made somewhat in excess of tliat recpiired to fill 
the particles in the sand (exerpt in those east's wliere, for eenmuny, 
the mortar is purposely made very lean); and the amount of innrttir 
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uic sLuiitj. wiieii we auow some excess in tne aoove particulars, 

there is so much variation in the percentage of voids in the sand and 
broken stone, that the best work not only requires an experimental 
determination of the voids in the sand and stone which are being 
used; but, on account of the liability to variation in those percentages, 
even in materials from the same source of supply, the best work re- 
quires a constant testing and revision of the proportions as the work 
proceeds. For less careful work, the proportions ordinarily adopted 
in practice are considered sufficiently accurate. 

Proportions. On the general principle that the voids in ordinary 
broken stone are somewhat less than half of the volume, it is a 
very common practice to use one-half as much sand as the volume 
of the broken stone. The proportion of cement is then varied 
according to the strength required in the structure, and according 
to the desire to economize. On this principle we have the familiar 
ratios 1:2:4, 1 : : 5, 1 : 3 : 6, and 1:4:8. It should be noted that in 

each of these cases, in which the numbers give the relative propor- 
tions of the cement, sand, and stone respectively, the ratio of the 
sand to the broken stone is a constant, and the ratio of the cement 
is alone variable, for it would be just as correct to express the ratios 
as follows: 1:2:4; 0.8:2:4; 0.67:2:4; 0.5:2:4. 

Cinder Concrete. Cinder concrete has been used to some 
extent on account 'of its light weight. The strength of cinder con- 
crete is from one-third to one-half the strength of stone concrete. 
It will weigh about 110 pounds per cubic foot. 

Rubble Concrete. Rubble concrete is a concrete in which 
large stones are placed, and will be discussed in Part II. 

Compressive Strength. The compressive strength of concrete 
is very important, as it is used more often in compression than in any 
other way. It is rather difficult to give average values of the compres- 
sive strength of concrete, as it is dependent on so many factors. The 
available aggregates are so varied, and the methods of mixing and 
manipulation so different, that tests must be studied before any conclu- 
sions can be drawn. For extensive work, tests should be made with 
the materials available to determine the strength of concrete, under 
conditions as nearly as possible like those in the actual structure. 

A series of experiments made at the Watertown Arsenal for 
Mr, George A. Kimball, Chief Engineer of the Boston Elevated 



been published, and the results are given in Table III. Portland 
cement, coarse sharp sand, and stone up to 2| inches were used; and 
when thoroughly rammed, the water barely flushed to the surface. 

TABLE III 

Compressive Strength of Concrete* 

Testa Made at Watertown Arsenal, 1890 


MiXTUKb 


Brand of Cemknt 

Strength (Pounds per Scjuarc Inch) 

7 Days 

1 Month 





Saylor 

1724 

2238 

2702 

3510 



Atlas 

1387 

2428 

2966 

3953 , 



Alpha 


2420 

3123 

4411 

1:2:4 1 


Germania 

2219 

2642 

3082 

3643 



Alscn 


2269 

2608 

3612 


Average 

1565 

2399 

2896 

3826 



Saylor 

1625 

2568 

2882 

3567 



Atlas 

1050 


1538 

3170 

1:3:6 J 


Alpha 

892 

2150 

2355 

2750 



G or mania 

1550 

2174 

2486 

2930 



Alscn 

,1438 

2114 

2349 

3026 


Average 

1311 

2164 

2522 

3088 


The values obtained in these tests arc exceedingly high, and cannot bo 
safely counted on in practice. 

Tests made by Prof. A. N. Talbot (University of Illinois, Bul- 
letin No. 14) on 6-inch cubes of concrete, show the average values 
given in Table IV. The cubes were about 60 days old when tested. 


TABLE IV 

Compressive Tests of Concrete 

University of Illinois 


No. OF Tests 

Mixture 

Strength (Pounds per Square 
Inch) 

3 

1:2:4 

2350 

6 

i:3:5i 


7 

1:3:6 

1300 


With fair conditions as to the character of the materials and 
workmanship, a mixture of 1 ;2;4 concrete should show a compressive 


From “Tests of Metals”, 1899, 





















strength of 2000 to 2300 pounds per square inch in 40 to 60 days; 
a mixture of 1 ; 2|: 5 concrete, a strength of 1800 to 2000 pounds per 
square inch; and a mixture of 1:3:6 concrete, a strength of 1500 to 
ISOO pounds per square inch. The rate of hardening depends upon 
the consistency and the temperature. 

Tensile Strength. The tensile strength of concrete is usually 
considered about one-tenth of the compressive strength; that is, 
concrete which has a compressive value of 2000 pounds per square 
inch should have a tensile strength of about 200 pounds per square 
inch. Although there is no fixed relation between the two values, 
the general law of increase in strength due to increasing the per- 
centage of cement and the density seems to hold in both cases. 

Shearing Strength. The shearing strength of concrete is 
important on account of its intimate relation to the compressive 
strength and the shearing stresses to which it is subjected in struc- 
tures reinforced with steel. But few tests have been made, as they 
are rather difficult to make; but the tests made show that the shear- 
ing strength of concrete is nearly one-half the crushing strength. 
By shearing is meant the strength of the material against a sliding 
failure wdien tested as a rivet would be tested for shear. 

Modulus of Elasticity. The principal use of the modulus of 
elasticity in designing reinforced concrete is in determining the 
relative stresses carried by the concrete and the steel. The mini- 
mum value used in designing reinforced concrete is usually taken as 
2,000,000, and the maximum value as 3,000,000, depending on the 
richness of the mixture used. A value of 2,500,000 is generally 
taken for ordinary concrete. 

Weight. The weight of stone or gravel concrete will vary from 
145 pounds per cubic foot to 155 pounds per cubic foot, depending 
upon the specific gravity of the materials and the degree of com- 
pactness. The weight of a cubic foot of concrete is usually con- 
sidered as 150 pounds. 

Cost. The cost of concrete depends upon the character of the 
work to be done and the conditions under which it is necessary to 
do this work. The cost of the material, of course, will always have 
to be considered, but this is not so important as the character of the 
Avork, The cost of concrete in place will range from $4.50 per cubic 
vn.rd to nr even $25. ner cubic vard. When it is laid in lare-e 



masses, so that the cost ot forms is reliitivciy himni, u.-i 
range from $4.50 per cubic yard to $() or 87 per eiibir yard, tb-priitl- 

ing upon the local conditions and cost of iimteriuls. buundiittiUt:.u!ul 

heavy walls are good examples of this cla.ss of work. I' or ;-f\vrr « uud 
arches, the cost will vary from 17 to Sid. In buildiuK etm.! rnrt ion 
floors, roofs, and thin walls-“~tlie cost will range from 81 J fo 8’Jt) pt-r 
cubic yard. 

Cement The cost of Portland eement varies with the demand. 
Being heavy, the freight is often a big item, d'he prie.* \ urie . fnmi 
$1 to $2 per barrel. To this must be. added the eo;4 of immlling. 

Sand. The cost of sand, including handling and freight . range-, 
from $0.75 to $1.50 per cubic yank A eommon price for : and 
delivered in the cities is $1.00 per cubic yard. 

Broken Stone or Gravel. The. cost (»f broken stone delivered in 


the cities varies from $1.25 to $1.75 per cu))ie yard. 'Die e»i <t of 
gravel is usually a little Ic.ss than .stone. 

Mixing. Under ordinary conditions and where the eonerelt* 
will have to be wheeled only a very short distance, the eo.-d of hainl- 
mixing and placing will generally range from 80. tH) to 81. *10 per 
cubic yard, if done by men skilled in this work. If a mixer i:- iiNed, 
the cost will range from $0,50 to $0.00 ])er cubic yard. 

Forvis. The cost of forms for heavy walls and foundations, 
varies from $0.70 to $1.20 per cubic yard of conereti' laid. The eo:.t 
of forms and mixing concrete will be. further dise\issed in Part l\ . 


MIXING AND LAYING CONCRLTH 
Practical Methods of Proportioning. JUrh Mi.rhur. A rich 
mixture, proportions 1;2;4— that is, I barrel fl hags) packed Portlan.l 
cement (as it comes from the manuFaetun'r), 2 barrels (7.0 cul)!!’ feet ) 
loose sand, and 4 barrels (15.2 cubic; hud) loost; stone is n.'^ed in 
arches, reinforced-concrete floors, beams, and columns for heavy 
loads, engine and machine foundations .subjeud to \ ihration; tanks; 
and for water-tight work. 

Medium Mixture. A medium mixture', proportions 1:21:5 
that is, 1 barrel (4 bags) packed Portland eement, 21 barrels 015 
cubic feet) loose sand, and 5 barrels (11) cubic f,-ct) ],u,sc graxel or 
stone may be used in arches, thin xvidls, floors, bcaiu.'-^, sewer.-', 
sidewalks, foundations, and maelnno. 


TABLE V 


Proportions of Cement, Sand, and Stone in Actual Structures 


Structure 

Proportions 

Reference 

C. B. & Q. R. R. 

Reinforced Concrete Culverts. . . . 

1:3:6 

Engr. Cont. Oct. 3, ’06 

Phila. Rapid Transit Co. 

Floor Elevated Roadway 

1:3:6 
1:2.5: 6 
1:3:6 

“ “ Sept. 26, ’06 

C. P. R. R. 

Arch Rings 

Piers and Abutments 

1:3:5 

1:4:7 

Cement Era, Aug. ’06 

Hudson River Tunnel Caisson 

Stand Pipe at Attleboro, Mass 

Height, 106 feet. 

1:2:4 

1:2:4 

Eng. Record, Sept. 29, ’06 
“ “ “ 29, ’06 

C.C. & St.L.R.R., Danville Arch 

Footings 

Arch Rings 

Abutments, Piers 

l:4:8or 1:9.5 
1:2:4 

1:3:6 or 1:6.5 

“ “ March 3, ’06 

N. Y. C. & H. R. R. R. 

iunncl jcoping 

1:4:7.5 

1:3:6 

1:2:4 

“ “ “ 3, ’06 

American Oak Leather Co. 

Factory at Cincinnati, Ohio. 

1:2:4 

" “ “ 3, ’06 

Harvard University Stadium 

1:3:6 


New York Subway 

Roofs and Sidewalks 

Tunnel Arches 

Wet Foundation 2' th. or less. .. . 
W ct Foundation exceeding 2'. . . . 

1:2:4 

1:2.5:5 

1:2:4 

1:2.5:5 


Boston Subway 

1:2.5:4 


P. & R. R. R. 

Arches 

Piers and Abutments 

1:2:4 

1:3:6 

‘‘ “ Oct. 13, ’06 

Brooklyn Navy Yd. Laboratory 

Columns 

Beams and Slabs 

Roof Slab 

1:2: 3 Trap rock Eng. News, March 23, ’05 
1:3: 5 Trap rock 

1:3: 5 Cinder 

Southern Railway. 

Arches 

Piers and Abutments 

1:2:4 

1:2.6:5 






MASOJNKi: AINU . 


OriimryMUnn. A., ordinary mixd.r,-, pr.-imriiH..:, I .:!:!; -- 

thatis, 1 barrel (4 bags) packed l‘orllr.nd d l.urr.l. (1 1.1 

cubic feet) loose sand, and fi barrels (22..S enl.ie feel I l.e, .• grEivi-l or 
broken stone— may be u.sed for relaining "all., nlmliiieiil .. jner., 

and machine foundations. ^ i * t 

Lean Mixture. Alcan mixture, proporlinU:. 1 : 1 Unit i I bur- 
rel (4 bags) packed Portland cement, 4 Imrnds iirn'd eiibir fert ) luirsc 
sand, and 8 barrels (30.4 cubic feet) loose gravel or bn .km ; t nt,r^ niuy 
be used in large foundations supporting stulioiuiry ioa.l .. bsirkbm for 
stone masonry, or where it is subjeet to a low (‘oinpre h e loud. 

Tendency Towards lUchr MIxiurrs. 'riu-e propi.riloo-, lou t 
not be taken as always being the iiio.st eeonoinieal iti bitt the\ 
represent average practice, (inneut is t he iuo4 t‘\peir i\e ingredi- 
ent; therefore a reduction of the (pmntily of i-rment, by u.ljn Uing 
the proportions of the aggregate so as to ju'odute a ennerete with 
the same density, strength, and iiuperiueabjblv, i . of er. at nuport- 
ance. By careful proportioning and worknuiiediip. wate r tlebt e’on- 
Crete has been made of a 1:3:0 mixture. 

In the last few years the tendeney throughout the eotmtry has 
been to use a richer mixture than was formerly n a-tl for reinforn-d 
concrete. The 1:2:4 mixture is now used praetk'idly fur all iuuld- 
ings constructed of reinforced eoiierete, even if low sin- . arc u cd, 
but theoretically a 1:2^:5 mixture shuttld ha\ e snlhideiit : tn-ugth. 

In Table V will he found the projiortions uf the runrrete n -ed 
in various well-known structures ami iu'raldes W to IX ihr aiuonntH 
of materials used per cubic yard for various j.rupnrliun . 

Proyer Proyoriums Dvtvrminrd Inj Trial. An aemrate and 
simple method to determine the proportions of t’uncrele i. by trial 
batches. The apparatus consists of ii scale and a r\litah-r which 
may be a piece of wrought-iron pipe from 10 to 12 iiiclic. in diam- 
eter capped at one end. Pleasure and weigh the cement, sand, 
stone, and water and mix on a piece of .sheet .steel, the miMnreha\ing 
a consistency the same as to he used in tin' work, d’he mixttsre is 
placed in the cylinder, carefully tamped, and the height to whii-h 
the pipe is filled is noted. The pipe should he weiidied hefnre aud 
after being filled so as to cheek the wt'ight of the m.nlerial. The 


of Cement Paste.) 


Proportion of Cement to Sand 

m 



1:2.5 

1:3 

1:4 

Bbl. specified to be 3.5 cu. ft 

“ “ “ 3.8 “ 

“ “ “ 4.0 “ 

“ “ “ 4.4 “ 

Bbls. 

4.22 

4.09 

4.00 

3.81 

Bbls. 

3.49 

3.33 

3.24 

3.07 

Bbls. 

2.97 

2.81 

2.73 

2.57 

Bbls. 

2.57 

2.45 

2.36 

2.27 

Bbls. 

2.28 

2.16 

2.08 

2.00 


Cu. yds. sand per cu. yd. mortar. . 

0.6 

0.7 

0.8 

0.9 

1.0 

1.0 


of the sand and stone but having the same total weight as before. 
Note the height in the cylinder, which will be a guide to other batches 
to be tried. Several trials are made until a mixture is found that 
gives the least height in the cylinder, and at the same time works 
well while mixing, all the stones being covered with mortar, and 
which makes a good appearance. This method gives very good 
results, but it does not indicate the changes in the physical sizes of 
the sand and stone so as to secure the most economical composition, 
as would be shoAvn in a thorough mechanical analysis. 

There has been much concrete work done where the proportions 
were selected without any reference to voids, which has given much 
better results in practice than might be expected. The proportion 
of cement to the aggregate depends upon the nature of the con- 
struction and the required degree of strength, or water-tightness, 
as well as upon the character of the inert materials. Both strength 
and imperviousness increase with the proportion of cement to the 
aggregate. Richer mixtures are necessary for loaded columns, 
beams in building construction and arches for thin walls subject to 
water pressure, and for foundations laid under water. The actual 
measurements of materials as actually mixed and used usually show 
leaner mixtures than the nominal proportions specified. This is 
largely due to the heaping of the measuring boxes. 

Methods of Mixing. The method of mixing concrete is imma- 
terial, if a homogeneous mass, containing the cement, sand, and 
stone in the correct proportions is secured. The value of the con- 
crete depends greatly upon the thoroughness of the mixing. The 
color of the mass must be uniform and every grain of sand and piece 
of the stone should have cement adhering to every point of its surface. 
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TABLE VII 

Barrels of Portland Cement Per Cubic Yard of Mortar 

(Voids in Sand Being 45 per cent and 1 Bbl. Cement Yielding 3.4 Ci 

of Cement Paste.) 


rnoi'OKTioNH opCkmk.vt to Saxd 

1:1 

1:1. .5 

1:2 

1:2.5 

1:3 

Bbl. spce.ificd to be 3.5 cu. ft 

Bbls. 

4.62 


Bbls. 

3.25 

Bbls. 

2.84 

IS 

“ “ “ 3.8 “ 

4.32 

3.(51 

3.10 

2.72 

2.1( 

“ “ “ 4 f) “ 

4.19 

3.4(5 

3.00 

2.64 

2.0, 

“ “ “ d d “ 

3.94 

3.34 


2., 57 

l.S( 

Cu. yds. .sand ptT eu. yds. mortar. 

0.(3 

O.S 

0.9 

1 .0 

■1 


TABLE VIII 

Ingredients in 1 Cubic Yard of Concrete 

(Sand Void.s, 40 per cent, Stone Voids, 4,5 per cent; Portland Cemer 
Yielding 3.65 Cubic Feet Pa,sto. IBarrcl Specified to l')e 3.8 Cubic 


Propoutionh ry Volumb 

1:2 -.-l 



\-. 2 .ry.n 

1:2.5 

Bbls. cement per eu. yd concrete. 

na 

1..30 


1.13 

1.0 

Cu. yds. sand “ “ 




wmi 

0.3 

“ stone “ “ 


0.90 


o.so 

rag 

Proportions by volume 

1:3:5 

1:3:6 

1:3:7 

1:4:7 

1:4: 


1.13 

1.05 



KB 

Cu. yds. sand " “ 


KIIEEB 

0.40 

0.46 

0.4 

“ .stone 


0.88 

0.93 


0.8 


This table is to be used when cement is measured packed in tl 
for the ordinary barrel holds 3.8 cubic feet. 


TABLE IX 


Ingredients in 1 Cubic Yard of Concrete 

(Sand Voids, 40 per cent; Stone Voids, 45 per cent; Portland Come 
Yielding 3.65 Cubic Feet of Paste. Barrel Specified to be 4.4 Cul 


Proportions by Volume 

1:2:4 

1:2:5 

1:2:() 

1:2. 5:5 


Bbls. cement per cu. yd. concrete. 


1.16 



0.9 

Cu. yds. sand “ “ 

0.42 

0.38 


0.44 

0.4 

“ stone 

0.84 

0.95 

■mg 


0.9 

Proportions by volume 

1:3:5 

1:3:6 

1:3:7 

1:4:7 

Qg 


0.96 



0.75 

0.6i 


Esa 

0.44 



0.4^ 
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Wetne*ss of Concrete. In regard to plasticity, or facility c 
working and molding, concrete may be divided into three classes 
dry, medium, and very wet. 

Dry Concrete. Dry concrete is used in foundations which ma 
be subjected to severe compression a few weeks after being placec 
It should not be placed in layers of more than S inches, and shoul 
be thoroughly rammed. In a dry mixture the water will just flus 
to the surface only when it is thoroughly tamped. A dry raixtur 
sets and will support a load much sooner than if a wetter mixtui 
is used, and generally is used only where the load is to be applie 
soon after the concrete is placed. This mixture requires the exerch 
of more than ordinary care in ramming, as pockets are apt to h 
formed in the concrete ; and one argument against it is the difficult 
of getting a uniform product. 

Mediuvi Concrete. Medium concrete will quake when rammec 
and has the consistency of liver or jelly. It is adapted for construe 
tion work suited to the employment of mass concrete, such as retail 
ing walls, piers, foundations, arches, abutments; and is sometime 
also employed for reinforced concrete. 

Very Wet Concrete. A very wet mixture of concrete will ru 
off a shovel unless it is handled very quickly. An ordinary ramme 
will sink into it of its own weight. It is suitable for reinforced coi 
Crete, such as thin walls, floors, columns, tanks, and conduits. 

Modern Practice. Within the last few years there has been 
marked change in the amount of water used in mixing concreb 
The dry mixture has been superseded by a medium or very w( 
mixture, often so wet as to require no ramming whatever. Exper 
ments have shown that dry mixtures give better results 'in short tin 
tests and wet mixtures in long time tests. In some experiments mac 
on dry, medium, and wet mixtures it was found that the mediiu 
mixture was the most dense, wet next, and dry least. This exper 
menter concluded that the medium mixture is the most desirabi 
since it will not quake in handling but will quake under heav 
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some engineers think that the ten.leney is to use far Inn ralln-r 

than too little water, but that thorouBh ranuiung is , e-,ral.le. n 
thin walls very wet concrete can be in()r(> cumIv ini4ir.l fr..ni 1h<' 
surface so that the mortar can getaK'ainst the foruisuiul ^ivt' a Munoflj 
surface. It has also been found essential that the (-(iiKTelc :.hnnlti 
be wet enough so as to flow under and around the stool roinforooiinnit 
so as to secure a good bond between the steel and eoiiorot e. 

Following are the specifications (li)()M) of the Ann'rloan hnilway 
Engineering and Maintenance of Way Assoeialion: 

'The concrete shall be of such consistimey that wlion dninpod 
in place it will not require tamping; it sliall bo spaded dnwn and 
tamped sufliciently to level oil' and will tlion (piako Irooly like jolly, 
and be wet enough on top to recpiire tlu' use of rtddtor 1 units by 
workman.’’ 

Transporting and Depositing Concrete, (kmorete i ; u tially 
deposited in layers of G inches to 12 inolu's in thiokno-s. In han- 
dling and transporting concrete, care must Ik* taken to provont the 
separation of the stone from the mortar. Tht' usual mot hod of trans- 
porting concrete is by wheelbarrows, although it is oft on handlnl by 
cars and carts, and on small jobs it is sometinn's earriod in biiokots. 
A very common practice is to dump it from a luaglit of so\ oral foot 
into a trench. Many engineers object to this proooss a ; tbov claim 
that the heavy and light portions sej)arut(‘ whih' falling and tbo con- 
crete is therefore not uniform througli its mass, ami they iiisi. t that 
it must be gently slid into place. A wid nuxlun* is innoh oaxh-r to 
handle than a dry mixture, as the stone, will not, so roadily separate 
from the mass. A very wet mixture has been depii.dtod from tin' 
top of forms 43 feet high and the stnietiire was fmmd to bo wati'r- 
proof. On the other hand, the stoiu's in a dry niixt uro v ill si-j)arat(' 
from the mortar on the sliglitest provoeutinn. Whore it is nooci^sary 
to drop a dry mixture several feet, it should be done liy moans of a 
chute or pipe. 

Ramming Concrete. Immediately after coneia'to is plaood, it 
should be rammed or puddled, care, being taken to foroo ont the air 
bubbles. The amount of ramming neei'ssary dopimds upon how 

mnoll wn+pr ncprl in mii'iniT 4 ... 11’ .. . , , 


A raiuincr for dry ('oncrt'lc is .sh(»\vn in Fig. 10; and 
one fur wet cuncrctc, in Fig. 11. In very thin walls, 
where a wet mixture is nsed, often the tamping or pad- 
dling is dune with a part uf a reinfon’ing har. A eoin- 
mun spade is uft!‘n empluyed for the face of work, 

Ix’ing \iseil to jiinh ba<’k stones tliat; may have sej)a- 
rated from the mass, and al^) to work the finer i)or- 
tions of tin* ma-ss to the fact*, the method l)eing to 
work the spade up and down the face until it is thor- 
oughly filled. < 'are mast he takim not. to ])ry witli the 
sjiiide, as this will spring the forms nn]('ss they are 
very strong. 

Bonding Old and New Concrete, O'o s('enr(' a wat('r-tight joint 
hetwc'en ohl and m-w eonerete re<pnr(*s a great (had of care. AVherc 
tlu' strain is (’hiefly eompressive, as in foundations, the snrfaet^ of the 
eoneret(' laid on the ])revions day .should he waslu'd with ehaiu water, 
no otluT preeautioiis helng neta'ssary. In walls and floors, or where 
a tensih' stress is ajtt to la' applied, the joint should lx* thoroughly 
washed and soake(i, and then ])ainted with neat ee- 
ment or a mixtnri' of oiu' part cement and one ])art 
sand, mad(‘ into a very thin mortar. 

In tin' const met ion of tanks or any other work 
that is to ht' water-tiglit . in which the eoneret(' is 
not ])laeed in oin* eontinnons o])eration, one or inort' 
s(piare or ^’-sha])ed joints ar(‘ lu'eessary. 'Tlu'st' joints 
art' formed hy a ])ieee of tindier, say -1 inelu'S hy (i 
inelu's, heing indx'diied in tlu' snrfaet' of the last 
eoiKTete hud t'aeh day. On tin' following morning, 
when tin' timher is removed, the joint is waslu'd and 
eoat('d with nt'at cement or 1:1 mortar. 'Fhe joints 
may ht' either hori/.oiitid or vertical. '^Flu' liond he- 
twt't'u old and new eonerete may he aided hy rongh- 
einng tin* surface after ramming or ht'fore ])hieing the new eoii- 
ereti'. 




now generally accepted that the ultimate effect of freezing of Port- 
land cement concrete is to produce only a surface injury. The 
setting and hardening of Portland cement concrete is retarded, and 
the strength at short periods is lowered, by freezing; but the ultimate 
strength appears to be only slightly, if at all, affected. A thin scale 
about ^ inch in depth is apt to scale off from granolithic or concrete 
pavements which have been frozen, leaving a rough instead of a 
troweled wearing surface; and the effect upon concrete walls is often 
similar; but there appears to be no other injury. Concrete should 
not be laid in freezing weather, if it can be avoided, as this involves 
additional expense and requires greater precautions to be taken; 
but with proper care, Portland cement concrete can be laid at almost 
any temperature. 

. Preventive Methods. There are three methods which may be 
used to prevent injury to concrete when laid in freezing weather: 

First: Heat the sand and stone, or use hot water in mixing the 
concrete. 

Second: Add salt, calcium chloride, or other chemicals to lower 
the freezing point of the water. 

Third: Protect the green concrete by enclosing it and keeping 
the temperature of the enclosure above the freezing point. 

The first method is perhaps more generally used than either of 
the others. In heating the aggregate, the frost is driven from it; 
hot water alone is insufficient to get the frost out of the frozen lumps 
of sand. If the heated aggregate is mixed with water which is hot 
but not boiling, experience has shown that a comparatively high 
temperature can be maintained for several hours, which will usually 
carry it through the initial set safely. The heating of the materials 
also hastens the setting of the cement. If the fresh concrete is 
covered with canvas or other material, it will assist in maintaining 
a higher temperature. The canvas, however, must not be laid 
directly on the concrete, but an air space of several inches must be 
left betw'een the concrete and the canvas. 

The aggregate isdieated by means of steam pipes laid in the 
bottom of the bins, or by having pipes of strong sheet iron, about 
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18 inches in diameter^ laid through the bottom of the bins, and fires 
built in the pipes. The water may be heated by steam jets or other 
means. It is also well to keep the mixer warm in severe weather, 
by the use of a steam coil on the outside, and jets of steam on the 
inside. 

The second method — ^lowering the freezing point by adding 
salt — ^has been commonly used to lower the freezing point of water. 
Salt will increase the time of setting and lower the strength of the 
concrete for short periods. There is a wide difference of opinion as 
to the amount of salt that may be used without lowering the ultimate 
strength of the concrete. Specifications for the New York Subway 
work required nine pounds of salt to each 100 pounds (12 gallons) of 
water in freezing weather. A common rule calls for 10 per cent of 
salt to the weight of water, which is equivalent to about 13 pounds 
of salt to a barrel of cement. 

The third method is the most expensive, and is used only in 
building construction. It consists in constructing a light wood 
frame over the site of the work, and covering the frame with canvas 
or other material. The temperature of the enclosure is maintained 
above the freezing point by means of stoves. 

WATERPROOFING CONCRETE 

Concrete Not Generally Water=Tight. Concrete as ordinarily 
mixed and placed is not generally water-tight, but experience has 
shown that where concrete is proportioned to obtain the greatest 
practicable density and is mixed wet the resulting concrete is imper- 
vious under a moderate pressure. With the wet mixtures of con- 
crete now generally used in engineering work, concrete possesses far 
greater density, and is correspondingly less porous, than with the 
older, dryer mixtures. However, it is difficult, on large masses of 
actual work, to produce concrete of such close texture as to prevent 
seepage at all points. It has frequently been observed that when 
concrete was green there was a considerable seepage through it, and 
that in a short time all seepage stopped. Concrete has been made 
nracticallv water-tight by forcing through it water which contained 



surface to make the concrete watcr-ligiU. .Many m in.- r.uuin.uuu . 
are of but temporary value and in time In.-'f thrir n riuluc . a. a 
waterproofing material. 

Effect of Steel Hcinforcmcni. ileiiin.rcing >('•.■) pn.pcrly pro- 
portioned and located both horizontally and vertically in Inn;: vail 
subways, and reservoirs, will greatly assist in rendering the e.iuereie 
impervious by reducing the cracks so that il they do occur tlu‘\ x’kill 
be too minute to permit leakage, or tlic small crack:. \s ill ■ oon fill nj) 
with silt. 

Coatings Ajiplied on Presswr »S’/f/e of Several : ncce lul 

methods of waterproofing will be given hena and mo t oi lhc:4* 
methods will also apply to stone and brickwork. In the openitioii 
of waterproofing, a very common mi.stake is maile in ajiply inn the 
waterproofing materials on the wrong sidt' of the wall to he made 
water-tight. That is, if water finds its way through a cellar wall, 
it is useless to apply a waterproofing coat on the im.idc Mirface ol 
the wall, as the pressure of the wati'r will ]msh il olV. If, ho\vc\ er. 
there is no great pre.ssurc behind it, a waterproofing coal applied on 
the inside of the wall may be successful in lo'cping moi;.turc out of 
the cellar. To be successful in watcrprt)ofing a cellar wall, the 
waterproofing material shoidd be ai)plied on the oiiislilr surface of 
the wall; and if properly applied, ilu' wall, .as well .a;; the cellar, will 
be entirely free of water. 

In tank or reservoir construction, tin* conditions .arc diUVrcnl, 
in that it is generally desired to pnu'cnt tin' escapt' of waltaa In 
these cases, therefore, the wat.er])rooilng is a])i)licd on the in;ddc 
surface, and is supported by the inatia'ials used in eon:-t met ing the 
tank or reservoir. The structure .should always he d( ‘.‘■'igned so th.at 
it can be properly waterproofed, and the. waterproofing sho\dd 
always be applied on the side of the wall on which tlie presi.nre 
exists. 

Waterproofing Methods. Plastcrnuj. For elsterns, swimming 
pools, or reservoirs, two coats of .Fortlaial eenuait grout I ])arf 
cement, 2 parts sand— applied on the in.slde, hav(‘ Ixaai used to makt> 
the concrete water-tight. One inch of rich mortar has usually been 
found effective under medium pressure. 

At Attleboro, Mass., a large reinforced contaadc siandpijic, .hi) 
feet in diameter. lOfi feet hlirh frmn 


The walls of the standpipe are 18 inches thick at the bottom and 8 
inches thick at the top. A mixture of 1 part cement, 2 parts sand, 
and 4 part broken stone, the stone varying from | inch to 1|- inches, 
was used. The forms v^ere constructed, and the concrete placed, in 
sections of 7 feet. When the walls of the tank had been completed, 
there was some leakage at the bottom with a head of water of 100 
feet. The inside walls were then thoroughly cleaned and picked, 
and four coats of plaster applied. The first coat contained 2 per 
cent of lime to 1 part of cement and 1 part of sand; the remaining 
three coats were composed of 1 part sand to 1 part cement. Each 
coat was floated until a hard dense surface was produced; then it 
was scratched to receive the succeeding coat. 

On filling the standpipe after the four coats of plaster had been 
applied, the standpipe was found to be not absolutely water-tight. 
The water was drawn out; and four coats of a solution of castile soap, 
and one of alum, were applied alternately; and, under a 100-foot head, 
only a few leaks then appeared. Practically no leakage occurred 
at the joints; but in several instances a mixture somewhat wetter 
than usual ■was used, with the result that the spading and ramming 
served to drive the stone to the bottom of the batch being placed, 
and, as a consequence, in these places porous spots occurred. The 
joints were obtained by inserting beveled tonguing pieces, and by 
thoroughly washing the joint and covering it with a layer of thin 
grout before placing additional concrete. 

Alum and Soap; Linseed Oil. Mortar may be made practically 
non-absorbent by the addition of alum and potash soap. One per 
cent by weight of powdered alum is added to the dry cement and 
sand, and thoroughly mixed; and about one per cent of any potash 
soap (ordinary soft soap) is dissolved in the water used in the mor- 
tar. A solution consisting of 1 pound of concentrated l}'e, 5 pounds 
of alum, and 2 gallons of water, applied while the concrete is green 
and until it lathers freely, has been successfully used. Coating the 
surface with boiled linseed oil until the oil ceases to be absorbed is 
another method that has been used 'with success. 

Hydrated Lime. Hydrated lime has been successfully used to 
render concrete impervious. The very fine particles of the lime fill 
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density of the concrete. For a 1 : 2 ; 4 concrete hydrated lime amount- 
ing to six to eight per cent of the weight of the cement is used. 
When it is used in a leaner mixture the percentage of lime is increased, 
that is, for a 1:3:6 concrete a percentage of lime up to 16 or 18 per 
cent is sometimes used. 

Sylvester Process. The alternate application of washes of 
castile soap and alum, each being dissolved in water, is known as 
the Sylvester process of waterproofing. Castile soap is dissolved in 
water, f of a pound of soap to a gallon of water, and applied boiling 
hot to the concrete surface with a flat brush, care being taken not to 
form a froth. The alum dissolved in water — 1 pound pure alum in 8 
gallons of water — is applied 24 hours later, the soap having had time 
to become dry and hard. The second wash is applied in the same 
manner as the first, at a temperature of 60 to 70 degrees Fahrenheit- 
The alternate coats of soap and alum are repeated every 24 hours. 
Usually four coats will make an impervious coating. The soap and 
alum combine and form an insoluble compound, filling the pores of 
the concrete and preventing the seepage of water. . The walls should 
be clean and dry, and the temperature of the air not lower than 50 
degrees Fahrenheit, when the composition is applied. The composi- 
tion should be applied while the concrete is still green. This method 
of waterproofing has been used extensively for years, and has gener- 
ally given satisfactory results for moderate pressures. 

Asphalt Asphalt is laid in thicknesses from | inch to 1 inch 
as a waterproofing course. It is usually laid in one or more con- 
tinuous sheets. It is also used for filling in contraction joints in 
concrete. The backs of retaining walls, of either concrete, stone, or 
brick, are often coated with asphalt to make them waterproof, the 
asphalt being applied hot with a mop. The bottoms of reservoirs 
have been constructed of concrete blocks six to eight feet square 
with asphalt joints f inch to | inch in thickness and extending at 
least halfway through the joint, that is, for a block 6 inches in 
thickness the asphalt would extend down at least 3 inches. 

Asphalt is a mineral substance composed of different hydro- 
carbons, which are widely scattered throughout the world. There 
is a great variety of forms in which it is found, ranging from volatile 
liquids to thick semi-fluids and solids. These are usually inter- 



JlJllxav>V 4. VVXt-Xi XViXlU.O \JJl XJUUl ^Cl.iJLl.\J Ui UlgCtUlV; JJLlaLLCl^ UUU Ctl C 

sometimes found in a free or pure state. Liquid varieties are known 
as naphtha and petroleum; the viscous or semi-fluid as' maltha or 
mineral tar; and the solid as asphalt or asphaltum. The most noted 
deposit of asphalt is found in the island of Trinidad and at Ber- 
mudez, Venezuela, which is used extensively in this country for 
paving and roofing materials. The bituminous limestone deposited 
at Seyssel and Pyrimont, France; in Val-de-Tr avers, Canton of 
Neuchatel, Switzerland; and at Pagusa, Sicily are known as rock 
asphalt and are perhaps the best for waterproofing purposes. 

In the construction of the filter plant at Lancaster, Pa., in 1905, 
a pure-water basin and several circular tanks were constructed of 
reinforced concrete. The pure-water basin is 100 feet wide by 200 
feet long and 14 feet deep, with buttresses spaced 12 feet 6 inches 
center to center. The walls at the bottom are 15 inches thick, and 


12 inches thick at the top. Four circular tanks are 50 feet in diam- 
eter and 10 feet high, and eight tanks are 10 feet in diameter and 10 


feet high. The walls are 10 
inches thick at the bottom, and 
6 inches at the top. A wet mix- 
ture of 1 part cement, 3 parts 
sand, and 5 parts stone was 
used. No waterproofing mate- 
rial was used in the construction 
of the tanks; and when tested. 



Fig. 12. Floor of Pure-Water Basia 


two of the 50-foot tanks were found to be water-tight, and the other 
two had a few leaks where wires which had been used to hold the 


forms together had pulled out when the forms were taken down. 
These holes were stopped up and no further trouble was expe- 
rienced. In constructing the floor of the pure-water basin, a 
thin layer of asphalt was used as shown in Fig. 12, but no water- 
proofing material was used in the walls, and both were found to be 
water-tight. 

Felt Laid with Asphalt Alternate layers of paper or felt are 
laid with asphalt or tar, and are frequently used to waterproof floors, 
tunnels, subways, roofs, arches, etc. These materials range from 
ordinary tar paper laid with coal-tar pitch or asphalt to asbestos or 
asphalt felt laid in coal-tar or asphalt. Coal-tar products have 


70 


MASONRY AND REINFORCED COJN CRETE 


come into very common use for this work but the coal-tar should 
contain a large percentage of carbon to be satisfactory. 

In using these materials for 
rendering concrete water-tight, 
usually a layer of concrete or 
brick is first laid. On this is 
mopped a layer of hot asphalt; 
felt or paper is then laid on the 
asphalt, the latter being lapped 
from 6 to 12 inches. After the 
first layer of felt is placed, it is 

Fig. 13. Method of Waterproofing Reservoirs moppcd OVCr with llOt asphalt 
by Means of “Hydrcx” Felt , , ii i 

compound, and another layer oi 
felt or paper is laid, the operation being repeated until the 
desired thickness is secured, which is usually from 2 to 10 layers — 
or, in other words, the waterproofing varies from 2-ply to 10-ply. 
A waterproofing course of this kind, or a course as described in the 
paragraph on asphalt waterproofing, forms a distinct joint, and the 




Fig. 14. Section Showing Method of Waterproofing ConcrutB 
Courtesy of Barrett Manufacturing Company 
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proofing the interiors of the walls of tanks, a 4-inch course of brick is 
required to protect and hold in place the waterproofing materials. 
Fig. 13 shows a wall section of a reservoir {Engineering Record, Sept. 
21, 1907) constructed for the New York, New Haven and Hartford 
Railroad, which illustrates the methods described above. The 
waterproofing materials for this reservoir consist of 4-ply “Hydrex” 
felt, and “Hydrex” compound was used to cement the layers together. 

Fig. 14 is an illustration of the method used by the Barrett 
Manufacturing Company in applying their 5-ply coal-tar pitch and 
felt roofing material. It illustrates in a general way the method 
used ill applying waterproofing. The surfaces to be waterproofed 
are mopped with pitch or asphalt. While the pitch is still hot, a 
layer of felt is placed, which is followed with alternate layers of 
pitch or asphalt until the required number of layers of felt has been 
secured. In no place should one layer of felt be permitted to touch 
the layer above or below it. When the last layer of felt is laid and 
thoroughly mopped with the coal-tar, something should be placed 
over the entire surface waterproofed to protect it from being injured. 
For roofing, this protection is gravel, as shown in Fig. 14. In water- 
proofing the back of concrete or stone arches usually a layer of 
brick is placed and then the joints betw'een the bricks are filled with 
pitch. Brick used in this manner also assist in holding the w^ater- 
proofing in place. Five layers of felt and pitch should be a sufficient 
protection against a head of w^ater of ten feet. 

PRESERVATION OF STEEL IN CONCRETE 

Short Time Tests. Tests have been made to find the value of 
Portland cement concrete as a protection of steel or iron from cor- 
rosion. Nearly all of these tests have been of short duration (from 
a few weeks to several months) ; but they have clearly showm, when 
the steel or iron is properly imbedded in concrete, that on being 
removed therefrom it is clean and bright. Steel removed from con- 
crete containing cracks or voids usually shows rust at the points 
wffiere the voids or cracks occur; but if the steel has been completely 
covered with concrete, there is no corrosion. Tests have shown that 
if corroded steel is imbedded in concrete, the concrete wdll remove 
the rust. To secure the best results, the concrete should be mixed 


quite wet, and care should be taken to luivc^ tne .su’oi 
imbedded in the concrete. 

Cinder vs. Stone Concrete. A compact <‘indcr ('(mcn'to has 
proven about as effective a protection for steel as sttnu* eemerete. 
The corrosion found in cinder concrete is mainly dut* t«) irfin oxhle 
or rust in the cinders, and not to the sulphur. The ununnit of sul- 
phur in cinders is extremely small, and there seems to la* lit t le danger 
from that source. A steel-frame Intilding creeled in New York in 
1898 had all its framework, except the columns, imbetldet! in cinder 
concrete; when the building was dcnn)lishetl in I'.HKl, the frame 
showed practically no rust which could he considered ns having 
developed after the material was imbedded. 

Practical Illustrations. Cement waslics, paints, anil pluNtcrs 
have been used for a long time, in both the United States and Unrope, 
for the purpose of protecting iron and stet'l from rust. The engineers 
of the Boston Subway, after making careful tests and investigations, 
adopted Portland cement paint for the protection of the steel work 
in that structure. The railroad companies of France use cement 
paint extensively to protect their metal bridges from corrosion, 'kwo 
coats of the cement paint and sand are a]>])lieil with leather hr\ishes. 

A concrete-steel water main on the IMonier system, 12 inches in 
diameter, 1.6 inches thick, containing a steel frami'work of 
and inch steel rods, was taken up after 1 5 years’ use in wi*( ground, 
at Grenoble, France. The adhesion was found perfect, and the 
metal’ absolutely free from rust. 

William Sooy Smith, M. Am. Soc. C. K., states that in removing 
a bed of concrete at a lighthouse in tlic Straits of IMaeklnae, twi'iity 
years after it was laid, and ten feet below water surface, imbedih'd 
iron drift-bolts were found free from rust. 

A very good example of the preservation of steel imbedded in 
concrete is given by Mr. H. C. Turner {ICndlnmiutj News, January I (», 
1908). Mr. Turner’s company has recently torn down a. one-story 
reinforced-concrete building erected by his ('omj)any in 1002, at New 
Brighton, Staten Island. The building bad a pile foundation, the 
piles being cut off at mean tide level. ’Die: footings, sidi' walls, 
columns, and roof were all constructed of ri'infortvd eonereti'. d'he 
portion removed was 30 by 60 feet, and was ra/.i'd to mnki' room for 
a five-story buildintr. In coiicludmir hin jiccnimi Air n’limcr 


fow cascH wlKirc the lioops were allowed to conic cloHcr than I inch to 1,li(; Hurfaw^. 
Some ovkh'iicc of corrtiwon was found in such cukc'h, thus dcnionsl.rating the 
iKiccHsity of k(H!ping tho sliKd rianforcemcnt at least f incih from the surfaw!. 
The footings were oov(!r<!d by the tide twice daily. Tho concrcib! was (;xl.reni(ily 
hard, and showed no winikness whatever from tlu) action of tlm salt wat<;r. The 
steel bars in tho footings W(!r(; perhictly pres(!rved, even in cases where the oon- 
creto protection was only I inch thick.” 

Tests by Professor Norton. Prof. (^-has. L. Norton made 
several experiments with concrete bricks, 3 by 3 by 8 inclies, in which 
steel rods, sheet metal, and expanded metal were imbedded. The 
specimens were eiielosed in tin boxes with unprotected steel and 
were exposed for three weeks. One portion was exposed to steam, 
air, and carbon dioxide; another to air and steam; another to air and 
carbon dioxide; and another was left in the testin^^ room. In these 
tests, Portland eeinent was used. The bricks were made of neat 
cement of 1 part cement and 3 parts sand; of 1 part cement and 5 
parts stone; and of 1 part cement and 7 parts cinders. After the 
steel had been imbedded in these blocks three weeks, they were 
opened and the steel examined and compared with specimens which 
had been unprotected in corresponding boxes in the open air. The 
unprotected specimens consisted of rather more rust than steel; the 
specimens imbedded in neat cement were found to be perfectly 
protected; the rest of the specimens showed more or less corrosion. 
Professor Norton’s conclusions were as follows; 

1. Neat Porlluml conu'iit is a vury uffcM’-tivu invvonlivd against nisl.ing. 

2. Cuum'.tu, to bo olTocitivo in iirovoiiting rust, should l)o donso and with- 
out voids or craoks. It should bo mixiul wi't whon ai)])liod to sUhT 

3. Tho corrosion found in cinder concroto is mainly duo, to iron oxide in 
tho cindors, and not to sulphur. 

4. Cimh'r concroto, if froii from voids and W(dl rammed wlu'u wot, is al)out 
as olTo(!tivo as sl.ono concroto. 

5. It is very imi)ortant thati tho stool bo clean whon imlioddod in c.oncroto. 

FIRE PROTECTIVE QUALITIES OF CONCRETE 

High Resisting Qualities. The various tests which have been 
conducted — including the involuntary tests made as the result of 
(ires-— have shotvn that the fire-resisting qualities of concrete, and 
even resistance to a cembination of lire and tvtiter, are greater than 
those of any other known type of building construction. Fires and 
experiments which test buildings of reinforced concrete have proved 



Fahrenheit, the surface of the concrete may be injured to e. depth 
of I to f inch or even of one inch; but the body of the concrete is 
not affected, and the only repairs required, if. any, consist of a coat of 
plaster. 

Thickness of Concrete Required for Fireproofing. Actual fires 
and tests have shown that 2 inches of concrete will protect an I-beam 
with good assurance of safety. Reinforced concrete beams and 
girders should have a clear thickness of inches of concrete outside 
the steel on the sides and 2 inches on the bottom; slabs should have 
at least 1 inch below the slab bars, and columns 2 inches. Structural 
steel columns should have at least 2 inches of concrete outside of 
the farthest projecting edge. 

Theory. The theory of the fireproofing qualities of Portland 
cement concrete given by Mr. Spencer B. Newberry is that the 
capacity of the concrete to resist fire and prevent its transference 
to steel is due to its combined icaUr and 'porosity. In hardening, con- 
crete takes up 12 to 18 per cent of the water contained in the cement. 
This water is chemically combined, and not given off at the boiling 
point. On heating, a part of the water is given off at 500 degrees 
Fahrenheit, but dehydration does not take place until 900 degrees 
Fahrenheit is reached. The mass is kept for a long time at com- 
paratively low temperature by the vaporization of water absorb- 
ing heat. A steel beam imbedded in concrete is thus cooled by the 
volatilization of water in the surrounding concrete. 

Resistance to the passage of heat is offered by the porosity of 
concrete. Air is a poor conductor, and an air space is an efficient 
protection against conduction. The outside of the concrete may 
reach a high temperature; but the heat only slowly and imperfectly 
penetrates the mass, and reaches the steel so gradually that it is 
carried off by the metal as fast as it is supplied. 

Cinder vs. Stone Concrete. Mr. Newberry says; “Porous 
substances, such as asbestos, mineral wool, etc., are always used as 
heat-insulating material. For this same reason, cinder concrete, 
being highly porous, is a much better non-conductor than a dense 
concrete made of sand and gravel or stone, and has the added advan- 
tage of being light.” 

Professor Norton, on the other hand, in comparing the actions of 


1904, statesi that tlu'rc is but little dill’erencc in the two coneretcs. 
The burning of bits of coal in poor cinder concrete is often balanced 
by the splitting of stones in the stone concrete. “However, owing 
to its density, the stone concrete takes longer to heat through.” 

Fire and Water Ted.H. Under the direction of Prof. Francis C. 
Van Dyck, a test was made on December 20, 1905, on stone and 
cinder reinforced concreb', according to the standard lire and water 
tests of the New York Building Department. A building was con- 
structed 10 feet by 25 feet, with a wall through the middle. The 
roof consisted of the two floors to be tested. One floor was a rein- 
forced cinder concrete slab and steel I-beam construction; and the 
otlier was a stone concrete slab and beam construction. Tlie floors 
were designed for a safe load of 150 pounds per scpiare foot, with a 
factor of safety of four. 

''Die object of tlu^ test was to ascertain the result of applying to 
these; floors, //r.vb a temiierature of about 1700 degrees Fahrenheit, 
during four hours, a load of 150 pounds per stpiare foot being upon 
tlu'm; and ficeoud, a stream of water forced upon them while still at 
about the tempi'rature aliove stated. A column was placed in the 
chamber roofed by the rock concrete, and it was tested the same way. 

The fiu’l used was seasoned pine wood and the stoking was 
looked after by a man cxiicrienced in a pottery; hence a very even 
fire was maintained, c.xcejit at first, on the cinder concrete side, where 
the blaze began in one corner and spread rather slowly for some time. 

The water was suiiplied from a pump at which 90 pounds pressure 
was maintained, and was delivered through 200 feet of new cotton 
hose and a 1 J-hich nozzle. Kach side was drenched with water while 
at full temperature, apparently; and the water was thrown as uni- 
formly as possible over the surface to be tested, for the required 
time. The floors were then flooded on top, and again treated 
underneath. 

Inasmuch as the floors and the column were the only parts sub- 
mitted for tests, the slight cracking and pitting of the walls and 
partition need not l)e detailed. 

The column was practically intact, except that a few small 
pieces of the concrt'te were washed out where struck by the stream 
at close rtinge. The metal, however, remained completely covered. 


within about 7 inches of the ends on one iwum. luiu munn. , o-ec 
from the ends on the other beam. The reiiitor.-iiiK bars were de- 
nuded over an area of about .30 sejunre feet lusir (lie center; lull im 
cracks developed, and the water poureil on top seemed to I'ome 
down only through the pipe set in for tlie pyronn't it. 

On the cinder concrete side, the beams lost only ii little of the 
edges of the covering, not showing the metal at all. 'rimre were no 
cracks on this side either, and the w'aler eame tlowu thnmgh tlu* 
pyrometer tube as on the other side. Tlie metal in t he slul » was bared 
over an area of about 24 square feet near tlu; eiMiter. 

During the firing, both chambers were oeensionally examined, 
and no cracking or flaking-oll of the eonendi! eould bt* deteeted. 
Hence the water did all the damagt! that was apjnirent at 
the end. 

During the test the floors supi)orted the load they were dedgnetl 
to carry; and on the following day tlie. loatls wen* inereasetl to bOO 
pounds per square foot. 

The following is taken from Professor Van 1 )yek's report : 

"The maximum doflcctiou of tlio Htone coiion'le luforf Ihe opplii'alinn nf 
water, wae 2^- inches; after upiilioabon of waO'r, ini’hfs; with iinrinal It-iii 
perature and original load, Ijfff inclios; dolloc.tion iiflor Inad of liOO imtiiuia was 
added, 3H inches. 

“The maximum deflection of the (‘indor roiicri'to bcfori' the .’ipprn'alion 
of water, was 6fir inches; after a])plieation of water, tij ineht's; witlj nunnal 
temperature and original load, 5^ inches; delleetiou after a Inad uf ttlH) pmuul-* 
was added, 6 inches. Thc.so ineasuremenls w<'re taken at the center nf the rnnf 
of each chamber.” 

Results Shown in Baltimore Fire. Engineers iind jirebiU'ets, 
who made reports on the Baltimore fire, of February, IbOl, generiilly 
state that reinforced concrete construeiion stood very well mueh 
better than terra cotta. Professor Norton, in his report to the 
Insurance Engineering Experiment Statittn, stiys: 

“Where concrete floor-arehea and eonoret.c-Htccl ('nnstrudinn received the 
full force of the fire, it appoans to have atood well, di.stinctly better than the 
terra cotta. The reasons, I b<*li(’v<!, art', these: Tin* ennerele and .■^teel 
expand at sensibly the same rate, and lienei', when he.ated, dn nnl. .Ntilijeel. 
each other to stress; but terra cotta usually t'xpand.s about, twice as fast, with 
increase in temperature as steel, and hence the part it inns ,'ind llnnr-arche.s .■'■non 
become too large to be contained by the steel nieinhers which uinler nrdiu.ary 
temperature properly enclose them.” 
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METHODS OF MIXING 

Two methods are used in mixing concrete — hy hand and hy 
machinery. Good concrete may be made by either method and in 
either case the concrete should be carefully watched by a good fore- 
man. If a large quantity of concrete is required, it is cheaper to 
mix it by machinery. On small jobs where the cost of erecting the 
plant, together with the interest and depreciation, divided by the 
number of cubic yards to be made, constitute a large item, or if 
frequent moving is required, it is very often cheaper to mix the 
concrete by hand. The relative cost of the two methods usually 
depends upon circumstances, and must be worked out in each 
individual case. 

Mixing by Hand. The placing and handling of materials and 
arranging the plant are varied by different engineers and contractors. 
In general the mixing of concrete is a simple operation, but should 
be carefully watched by an inspector. He should see 

(1) That the exact amount of stone and sand are measured out; 

(2) That the cement and sand are thoroughly mixed; 

(3) That the mass is thoroughly mixed; 

(4) That the proper amount of water is used; 

(5) That care is taken in dumping the concrete in place; 

(6) That it is thoroughly rammed. 

Mixing Platform. The mixing platform, which is usually 10 
to 20 feet square, is made of 1-inch or 2-inch plank planed on one 
side and well nailed to stringers, and should be placed as near the 
work as possible, but so situated that the stone can be dumped on 
one side of it and the sand on the opposite side. A very convenient 
way to measure the stone and sand is by the means of bottomless 
boxes. These boxes are of such a size that they hold the proper pro- 
portions of stone or sand to mix a batch of a certain amount. Ce- 
ment is usually measured by the package, that is, by the barrel or 
bag, as they contain a definite amount of cement. 

Process of Mixing. The method used for mixing the concrete 
has little effect upon the strength of the concrete, if the mass has 
been turned a sufficient number of times to thoroughly mix them. 
One of the following methods is generally used. (Taylor and 
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(b) Cement and sand mixed dry, the Hinne niciunured ami dui..|K-d .n> f ..p 

of it, leveled olf, and wet, iw turned with ahoveb. _ 

(c) Cement and aand mixed into a mortar, the Mnne tm inj> of it.. 

and the mass turned. ... , i 

id) Cement and Hand mixed with water into a tnorfar whn-h m fdiuveh’d 

on the gravel or stone and the mass turneil wd h aiioyel-^. 

(e) Stone or gravel, Hand, and cement Him-ad in Hueerv-ive lay.-r-s mixed 
slightly and shoveled into a mound, water poureil into the eetiler, and tin* uum-i 
turned with shovels. 

The quantity of water is regulated by the tippetirauee of the 
concrete. The best metliod of wetting the coiuTeti' U by lueuMiring 
the water in pails. This insures a inori' iiniforni mixture thnii 1»\ 
spraying the mass with a hose. 

Mixing by Machinery. On large eontraets tbt‘ I’onerete is 
generally mixed by machinery. The ('coiuimy is not otdy in tiio 
mixing itself but in the appliauees introdueed in haiuiling tlu‘ raw 
materials and the mixed conerete. If all materials are deliveretl 
to the mixer in wheelbarrows, and if the. eouerete is mmveyed away 
in wheelbarrows, the cost of making conerete is lugh, even if machine 
mixers are used. If the materials are fed from bins by griivily into 
the mixer, and if the conerete is dumi)ed from the mixt'r into ears 
and hauled away, the cost of making the eonerelt* should la* very 
low. On small jobs the cost of maintaining and operating tin* mixer 
will usually exceed the saving in liaiul labor and will render the 
expense with the machine greater than wiilunit it. 

Machine vs. Hand Mixing. It has aln'ady been stated that 
good concrete may be produced by eitlu'r maeliine or haml mixing, 
if it is thoroughly mixed. 

Tests made by the U. S. Government ('Ugims'rs at Duluth, 
Minn., to determine the relative .strengtli of coneri'ti' mixed by hand 
and mixed by machine (a cube mixer), showed that at 7 days, hand- 
mixed concrete possessed only 53 per cent of the strength of the 
machine-mixed concrete; at 28 days, 77 per e('nt; at b months, S4 
per cent; and at one year, 88 per cent. Details of llu'se test.s are 
given in Table X. 

It should be noted in this connection, that the variations in 
strength from highest to lowest were greatest in the hand-mixed 


Tensile Tests of Concrete* 


. Age, and Method of Mixing 

High 

Lo-w 

Average 

Age 7 Days 




Machine-Mixed Sample 

260 

243 

253 

Hand-Mixed Sample 

159 

113 

134 

Age 28 Days 




Machine-Mixed Sample 

294 

249 

274 

Hand-Mixed Sample 

231 

197 

211 

Age 6 Months 




Machine-Mixed Sample 

441 

345 

3SS 

Hand-Mixed Sample 

355 

298 

324 

Age One Year 
Machine-Mixed Sample 

435 

367 

391 

Hand-Mixed Sample 

369 

312 

343 






The mixture tested was composed of 1 part cement and 10.18 
parts aggregate. 


STEEL FOR REINFORCING CONCRETE 

Quality of Reinforcing Steel. Steel for reinforcing concrete is 
not usually subjected to as severe treatment as ordinary structural 
steel, as the impact effect is likely to be a little less; but the quality 
of the steel should be carefully specified. To reduce the cost of 
reinforced concrete structures, there has been a tendency to use 
cheap steel. This has resulted in bars being rolled from old railroad 
rails. These bars are known as rerolled bars and they should always 
be thoroughly tested before being used. If the bars are rerolled 
from rails that were made of good material, they should prove to be 
satisfactory, but if the rails contained poor materials the bars rolled 
from them will probably be brittle and easily broken by a sudden 
blow. Many engineers specify that the bars shall be rolled from 
■ billets to avoid using any old material. 

The grades of steel used in reinforced concrete range from soft to 
hard, and may be classified under three heads : soft, medium, and hard. 

Soft Steel. Soft steel has an estimated strength of 50,000 to 
58,000 pound's per square inch. It is seldom used in reinforced 
^ concrete. 

*(l'’rom “Concrrte and Reinforced Concrete Construction”, by H. A. Reid.) 
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Medkm Steel. Medium steel has an estimated strength of 

55.000 to 65,000 pounds per square inch. The elastic limit is from 

32.000 to 38,000 pounds per square inch. This grade of steel is 
extensively used for reinforced concrete work and can be bought in 
the open market and used with safety. 

Hard Steel. Hard steel, better known as high-carhon steel, 
should have an ultimate strength of 85,000 to 100,000 pounds per 
square inch; and the elastic limit should be from 50,000 to 65,000 
pounds per square inch. The hard steel has a greater percentage 
of carbon than the medium steel, and therefore the yield point is 
higher. This steel is preferred by some engineers for reinforced 
concrete work, but it should be thoroughly tested to be sure that it 
is according to specifications. It is often brittle. This is the grade 
of steel into which old rails are rolled, but it is also rolled from billets. 

Processes of Making Steel. Reinforcing bars are rolled by both 
the Bessemer and the open-hearth processes. Bars rolled by either 
process make good reliable steel, but bars rolled by open-hearth 
process are generally more uniform in quality. 

TYPES OF BARS 

The steel bars used in reinforcing concrete usually consist 
of small bars of such shape and size that they may easily be bent 
and placed in the concrete so as to form a monolithic structure. 
To distribute the stress in the concrete, and secure the necessary 
bond between the steel and concrete, the steel required must be 
supplied in comparatively small sections. All types of the regu- 
larly rolled small bars of square, round, and rectangular section, 
as well as some of the smaller sections of structural steel, such as 
angles, T-bars, and channels, and also many special rolled bars, 
have been used for reinforcing concrete. These bars vary in size 
from I inch for light construction, up to inches for heavy beams, 
and up to 2 inches for large columns. In Europe plain round bars 
have been extensively used for many years and the same is true in 
the United States, but not to the same extent as in Europe; that is. 


Square and round bars show about the same adhesive strength, but 
the adhesive strength of flat bars is far below that of the round and 
square bars. The round bars are more convenient to handle and 
easier obtained, and have, therefore, generally been used when plain 
bars were desirable. 

Structural Steel. Small angles, T-bars, and channels have been 
used to a greater extent in Europe than in this country. They are 
principally used where riveted skeleton work is prepared for the 
.steel reinforcement; and in this case, usually, it is desirable to have 
the steel work self-supporting. 

Deformed Bars. There are many forms of reinforcing materials 
on the market, differing from one another in the manner of forming 
the irregular projections on their surface. The object of all these 
special forms of bars is to furnish a bond with the concrete, independ- 
ent of adhesion. This bond formed between the deformed bar and 


Fifi. 15. Square Twisted Reinforcing Steel Bar 
Courlesy of Inland Steel Company 


the concrete is usually calletl a mechanical hand. Some of the most 
common types of bars used are the square tivisted bar; the cornigated; 
the Ilavemcyer ; and the Kahn. 

Square Twisted Bar. The twisted bar, shown in Fig. 15, was 
one of the first steel bars shaped to give a mechanical bond with 
concrete. This type of bar is a commercial square bar twisted 
while cold. There are two objects in twisting the bar — first, to give 
the metal a mechanical bond with the concrete; second, to increase 
the elastic limit and ultimate strength of the bar. In twisting the 
bars, usually one complete turn is given the bar in nine or ten diam- 
eters of the bar, with the result that the elastic limit of the bar is 
increased from 40 to 50 per cent, and the ultimate strength is in- 
creased from 25 to 35 per cent. These bars can readily be bought 
already twisted; or, if it is desired, square bars may be bought and 
twisted on the site of the work. 

Corrugated Bar. The “corrugated” bar, which has corruga- 
tions £iQ sliown in Fii?. 10. wa,a invented hv Mr. A. T.. Johnson. 



M. Am. Soc. C. E. These corrugations, or square' slumldors, 
are placed at right angles to the axis of the bar, and their sides 



Fig. 10. "Corrugated" Bar for IMuforcwiicul of (‘oneieif 
Courtesy of Corruguled Bar Compnity 


make an angle with the perpendicular to the axis oi tlu' bars not. 
exceeding the angle of friction between the bar and eoneret i'. 1 best' 

bars are usually rolled from high-carbon steel having an elastic limit, 
of 55,000 to 65,000 pounds per square inch and an iiltiniate strength 
of about 100,000 pounds per square inch. They are also rolh'd 
from any desired quality of steel. In size they range, from \ inch to 
Ij inches, their sectional area being the same as that of ])!ain bars 
of the same size. These bars are rolled in both the common typi's, 
round and square. 

Hammeyer Bar. The Havemeyer bar. Fig. 17, was invi'iited by 
Mr. J. F. Havemeyer. This has a uniform cross section throughout 



Fig. 17. Havemeyer Bar for Reinforcement of Concrete 
Courtesy of Concrete Steel Com jinny 


its length. The bonding of the bar to the concrete is uniform at 
all points, and the entire section is available for tensile strt'nglh. 



Fig. 18. Kahn Trussed Bar for Reinforcement of Concrete 
Courtesy of The Kahn System 


Kahn Bar. The Kahn bar. Fig. 18, was invented by hlr. Inlius 
Kahn, Assoc. AI. Am. Soc. C. E. This bar is designed with tlu' 
assumption that the shear members should be rigidly comit'ctt'd 

to the horizontal mpm'Kpro U„.. ,* n.,.3 -xi 


TABLE XI 


Standard Sizes of Expanded Metal 


Mi'imi m 

Incukw 

Gaok 

No. 

Weioiit in Lb. 

Pku Sq. Ft. 

Sectional Area 

1 Foot Wide 

IN Sq. In. 


10 • 




10 



i) 

4 




as shown in tlic figure. The thin edges arc cut and turned up, and 
form the shear members. Tliese bars are manufactured in several 
sizes. 

Expanded Mdal. K.xpanded metal, Fig. 19, is made from plain 
sheets of steel, slit in regular lines and opened into meshes of any 
desired size, or section of strand. It is commercially designated 
by giving the gage of the steel and the amount of displacement 
between the junctions of the meshes. The most common manu- 
factured sizes are given in Table XI. 



Steel Wire Fabric. Steel wire fabric reinforcement consists of a 
netting of heavy and light wires, usually with rectangular meshes. 
The heavy wires carry the load, and the light ones are used to space 
the heavier ones. There are many forms of wire fabric on the 
market. 

Table XII is condensed from the handbook of the Cambria Steel 
Company and gives the standard weights and areas of plain round 
and square bars as commonly used in reinforced concrete construe- 






TABLE Xn 


Weights and Areas of Square and Round Bars 
(One cubic foot of stool wf'iglis 4S<).() ponmls) 


ThICKNKR."! or 
Diameter 
( Inches ) 

Weight of 
Square B . ar , 
1 Foot Long 
( Pounds ) 

Weight of 
Hound Bar, 

1 Foot Long 
( Pound - s ) 

Area of 
iSijuAUE Uau 
(S ii. In .) 

Area of 
H ( iiiNi ) Bar 
( Sq . In .) 

J. 

.213 

.167 

.0625 

.0191 


.332 

.261 

.0977 

.0767 

.3 

.478 

.376 

.1406 

.1101 


.651 

.511 

.1914 

.1503 

¥ 

.850 

.668 

.2500 

. 1963 

5 

1.328 

1 .043 

.3906 

.3068 

3 

1.913 

1.502 

.5625 . 

.4118 

1 * 

3.400 

2.670 

1.0000 

.7854 

H 

4.303 

3.379 

1 .2656 

.0910 

1 ? 

5.312 

4.173 

1 .5625 

I .2272 

U 

7.650 

6.008 

2.2500 

1 .767 1 

1 ? 

10.41 

8.178 

3.0625 

2.1053 

2 

13.60 

10.68 

4.0000 

3.1 no 
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SPECIFICATIONS FOR REINFORCING BARS, 

Process of Manufacture. Steel may be mad)' by I'ilbi'r fbi' 
open-hearth or Bessemer process. 

Bars shall be rolled from billets. 

Chemical and Physical Properties. The chemical and ])bysii':il 
properties of reinforcing bars shall conform to t])e limits as givt'n in 
Table XIII. 

Chemical Determinations. In order to determim' if tin' ma- 
terial conforms to the chemical limitations prescribed in llu' aboNc 
paragraph, analysis shall be made by^ the maimfactnrcr from a, test 
ingot taken at the time of the pouring of each melt or blow of steel, 
and a certified copy of such analysis shall be furnished to tlu' enginec'r 
or his inspector. 

Yield Point. For the purpose of these specifications, th(' yic'hl 
point shall be determined by careful observation of the drop of tlu' 
testing machine, or by other equally accurate method. 

Form of Specimens, (a) Tensile and bending test sp('eim('ns 
of cold-twisted bars shall be cut from the bars after twisting, and 
shall be tested in full size without further treatment, iiidess otlu'rwise 
specified as in (c), in which case the conditions therein stipnlati'd 
shall govern. 

(b) Tensile and bending test specimens mav be. cut from ihe 


TABLE XIII 


Properties Considered 

Strcctural Steel Grade 

Hard Grade 


Plain Bans 

Deformed Bans 

Phosphorus, maximum 

Bessemer 

0.10 

0.10 

0.10 

Open-hearth 

0.06 

0.06 

0.06 

Ultimate tensile strength, pounds 
per square inch. 

5.5,000 to 

55,000 to 

85,000 to 


65,000 

65,000 

105,000 

Yield point, minimum jiounds per 
sq. in. 

33,000 

33,000 

52,000 

Elongations, per cent in 8 inches, 
minimum 

1,250,000 

1,250,000 

1,200,000 


tensile str. 

tensile str. 

tensile str. 

Cold b('nd without fracture: 

Bars under f inch in diameter or 
thickness 

180°, d = lt. 

180°, d = lt. 

180°, d =3 t. 

Bars J inch in diameter or thick- 
ness and over 

180°, d = lt. 

180°, d = 2f. 

90°, d=3t. 


bars may be planed or turned for a length of at least 9 inches, if 
deemed necessary by the manufacturer in order to obtain uniform 
cross section. 

(c) If it is desired that the testing and acceptance for cold- 
twisted bars be made upon the rolled bars before being twisted, the 
bars shall meet the requirements of the structural steel grade for 
plain bars given in this specification. 

Number of Tests. At least one tensile test and one bending 
test shall be made from each melt of open-hearth steel rolled, and 
from each blow or lot of ten tons of Bessemer steel rolled. In case 
bars differing f inch and more in diameter or thickness are rolled 
from one melt or blow, a test shall be made from the thickest and 
thinnest material rolled. Should either of these test specimens 
develop flaws, or should the tensile test specimen break outside of 
the middle third of its gaged length, it may be discarded and another 
test specimen substituted therefor. In case a tensile test specimen 
does not meet the specifications an additional test may be made. 
The bending test may be made by pressure or by light blows. 

Modification in Elongation for Thin and Thick Material. For 
bars less than inch and more than f inch nominal diameter or 




tmcKness, me louuwnig muumucitiuuo .. -i 

merits for elongation: 

(a) For each increase of | inch in diameter or thickiu'ss above 
f inch, a deduction of 1 shall be made from the specified pi'reentage 
of elongation, 

(b) For each decrease of ih ii^t-’h in diameter or thii'kness ladow 
^5 inch, a deduction of 1 shall be made from the specified percentages 
of elongation. 

(c) The above modifications in elongation shall not apply to 
cold-twisted bars. 

Number of Twists. Cold-twisted bars shall be twisteal cold 
with one complete twdst in a length equal to not more than 10 times 
the thickness of the bar. 

Finish. Material must be free from injurious seams, flaws, or 
cracks, and have a W'orkmanlike finish. 

Variation in Weight. Bars for reinforcement are subject fo 
rejection if the actual weight of any lot varies more than 5^’; n\’('r or 
under the theoretical weight of the lot. 



w 




This reinforced concrete Grand Stand covers the west side of the field, seats 12,000 people, 
and the space underneath the seats contains dressing rooms, squash, racquet, and hand-bail 
courts; and other provisions for athletic games. The reinforced concrete fence in -the fore- 
ground extends around the entire field. 



MASONRY AND REINFORCED 
CONCRETE 

I’AKT II 


TYPES OF MASONRY 

INTRODUCTION 

Definitions. In the following paragraphs, the meanings of vari- 
ous technical terms frequently used in stone masonry are clearly 
explained: 

ylrm. Arris is the external edge formed by two surfaces, 
whether plane or curved, meeting each other. 

Ashlar. Ashlar is a style of stone wall built of stones having 
rectangular faces and with joints dressed so closely that the dis- 
tance between the general planes of the surfaces of the adjoining 
stones is one-half inch, or less. 

Ax or Pccn Hammer. A peen 
hammer is a tool. Fig. 20, which is 
similar to a double-bladed wood ax. 

It is used after the stone is rough- 
l)ointed, to make drafts along the 
edges of the stone. For rubble work, and even for squared-stone 
work, no finer tool need be used. 

Backing. Backing is the masonry on the back side of a wall; it 
is usually of rougher quality than that on the face. 

Batter. Batter is the term used to indicate the variation from 
the perpendicular, of a wall surface. It is usually expressed as the 
ratio of the horizontal distance to the vertical height. For example, 
a batter of 1:12 means that the wall has a slope of one inch hori- 
zontally to each twelve inches of lieidit. 



Fig. 20. Ax or Peon Hammer 
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Beam, Block The ^ 

wall with the special purpose of formiiifc a Pcarii 

load, such as the load of a beaiu.^ . 

Bed Joint A horizontal joint, 

or one which is nearly perpendicular '0| 

to the resultant line of pressure, is J 

called a bed joint. (See Joint) ^ ]/ 

Belt CouvsG. A belt course is luiniiimiuun'r 

a horizontal course of stone extend- 
ing around one or more faces of a building; it is usually coinpt^s.'d 

of larger stones which sometimes project slightly and is, in mnsl 

instances, employed only for architectural elUat. 

Banding, llonding is the 
system according to which the 
stones are arrangi'd so that the\’ 
are mutually tied together by 
the overlapping of joints. 

Binshliainanrrinij. Ihishhain- 
incring is a method of Ilnishing 

stone by which the faei' of tin' 

stone, after being roughly dressed 
to a surface which is nt'arly 
plane, is sinoothi'd still more 
witha fm.s'////a//i)//cr. Fig. 21. The 

Fig. 22. Buttress 




large number of small pyramidal points, that, in skillful hands, 
speedily reduce the surface to a uniformly granular condition. 

Bvitress. A buttress is a very short projection, Fig. 22, hnill 
perpendicular to a main wall which may be snhjecti'd to lateral 
thrust, in order to resist, by compres.sion, the tendency of the wall 
to tip over. (See Counterfort) 

Cavit A cavil is a tool which 
has one blunt face, and a pyramidal 
point at the other end, Fig. 23. It 
is used for roughlv breaking up 



for cutting drafts for the edges of stones and is usually driven by a 
mallet or hammer. 

Coimig. The coping is the course of stone 'which 
caps the top of a wall. 

Corbel. A stone projecting from the face of a 
wall for the purpose of supporting a beam or an 
arch which extends out from the wall is called a 
corbel. 

Counterfort. A counterfort is a short projection 
built behind a retaining wall in order to relieve 
by tension the overturning thrust against the wall. 

(See Buttress.) 

Course. A course is a row of stones of equal 24. cwsei 
height laid horizontally along a wall. 

Coursed Masonry. Masonry having courses of equal height 
throughout is termed coursed masonry. 

Coursed Rubble. Ptubble masonry (see Rubble), in which the 
stones in each course are roughly dressed to nearly a uniform height, 
is designated as coursed rubble. 

Cramp. A cramp is a bar of iron, having the ends bent at 
right angles, -^Adilch is inserted in 
holes and grooves specially cut for 
it in adjacent stones in order to 
bind the stones together. When 
carefully packed with cement 
mortar, these iron cramps are 
effectively prevented from rust- 

, Fig. 25. Crandall 

mg. 

Crandall. A crandall. Fig. 25, is a tool made by fitting a 
series of steel points into a handle, using a wedge; by means 
of this device a series of fine picks at the stone are made with 
each stroke, and the surface is more quickly reduced to a true 
plane. 

Crandalling. Crandalling is the system of dressing stone by 
which the surface, after having been rough-pointed to a fairly 
plane surface, is hammered with a crandall, such as is illustrated in 
Fig. 25. 





Dimension Stone. Dimension stone is tlie cut stone wliosi* ])re- 
cise dimensions in a building are speeilied in tlie plans, d'he term 
refers to the highest grade of ashlar work. 

Dowel A dowel is a straight bar or pin of iron, eoi)p<'r. or <'ven 
of stone, which is inserted in two eorrespomling holi's in adjacent 
stones. The dowels may be vertical across horizontal joints, or 
horizontal across vertical joints. In the. latter ease, they are Ire- 
quently used to tie the stones of a coihng or eorniir. The (‘\tra 
space between the dowels and the stones should Ix' filled with melted 
lead, sulphur, or cement grout. 

Draft. Draft is the term applied to a line on the surface of a 
stone which is cut to the breadth of the draft ehis('l. 

Dry-Stone Masonry. Dry-stone masonry is masonry whieii is 
put in place without mortar. 

Extrados. The extrados is the uppcT, or outer, surface of an 
arch, especially the upper curved face, of the whoU' body of x'onssoirs. 
(Compare Intradoe.) 

Face. The face is the exposed surface of a wall. 

Face Hammer. A face hammer, Fig. 2(), is a. tool having a h:im- 

mcT face and an ax face. It is 
used for roughly s(|uaring' up 
stones, eitlu'r for rnhhh' work or 
in preparation for liner stone 
dressing. 

Featlicre. See Fhtiis. 

Footiny. Tlu' footing is the 
foundation masonry for a wall or pier, usually composed, in si one 
masonry, of large stones having a sufficient aixai so that tin- i)res- 
sure upon the subsoil .shall not exceed a Sivle hunt, and haN'ing 
sufficient transverse strength to distribute the prt'ssmx' uniformly 
over the subsoil. 

Grout. Grout is a mixture of cement and .sand (usually I part 
cement to 1 or 2 parts sand) made into a very thin mortar so that it 
will flow freely into interstices left between stones of rough masonry. 
Grout is used to great advantage in many lines of work'. 

Header. A header is a stone laid with its giratcst, dimension 
perptuKhcular to the face of a wall. Its purpose, is to bond togvtlu'r 



Javih. The jjunl) is tlui vertifal .surface on eitlicr side of an 
oi)cning left in a wall for a door or window. 

Joint. The horizontal and vertical si)aces between the 
stones, which are lilled with mortar, are called the joints. When 
they arc horizontal, tlu'y are calkul bed jointf>\ Their width or 
thickness depends on the accuracy with which the stones are 
dressed. The joint should always have such a width that any 
irregularity on the s\irface of a stone shall not penetrate com- 
pk'tely through the mortar joint and can.se the stones to bear 
directly on each other, thus producing concentrated pressures 
and transver.se stresses which might rupture the stones. The 
criterion used by a committee of the American Society of Civil 
Phigineers in classifying different grades of masonry is to make 
the classilicatioii depend on the required thickness of the joint. 
These thicknesses have been given when defining various grades of 
stone masonry. 

Lintel. The lintel is the stone, iron, wood, or concrete beam 
covering the opening left in a wall for a 
door or window. 

Natural Bed. The surfaces of a stone 
parallel to its stratification are called the 

natural bed. 

'One-Man Stone. One-man stone is ^ 
term used to designate, roughly, the size 
and weight of stone used in a wall. It 
represents, approximately, the size of stone 
which can be readily and continuously Fig. 27. Pick 

handled by one man. 

Pick. A pick is a tool which roughly resembles an earth 
pick, but which has two sharp points. It is used like a cavil 
for roughly breaking up and forming the stones as desired, 
Fig. 27. . 

Pitch-Faced Masonry. Pitch-faced masonry. Fig. 28, is masonry 
in which the edges of the stone are dressed to form a rectangle which 
lies in a true plane, although the portion of the face between the 
edges is not plane. 
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Fiiching Chisel. A pitching chisel is a tool which is used with 
a mallet to prepare pitch-faced masonry. The usual forms are 
illustrated in Fig. 29. 

Plinth. Plinth is another term for ]Vater Table, see page 94. 

Plug. A plug is a truncated 



Fig. 28. Pitch-Faced Masonry 


wedge, Fig. 30. Corresponding 
with it are wedge-shaped pieces 
made of half-round malleable 
iron. A plug is used in connec- 
tion with a pair of feathers to 
split a section of stone uniformly. 
A row of holes is drilled in a 
straight line along the surface of 
the stone, and a plug and pair 
of feathers are inserted in each hole. The plugs in succession are 
tapped lightly with a hammer so that the pressure produced by 
all the plugs is increased as uniformly as possible. When the pres- 
sure is uniform, the stone usually splits along the line of the holes 
without injury to the portion split apart. 

Point A point is a tool made of a bar of steel whose end is 
ground to a point. It is used in the intermediate stage of dressing 
an irregular surface which has already been roughly trued up with a 
face hammer or an ax. For rough masonry, this may be the finish- 
ing tool. For higher-grade masonry, such 
work will be followed by bushhammering, 
crandalling, etc. 

Pointing. Pointing is the term applied 
to the process of scraping out the mortar for 
a depth of an inch or more on the face of a 
wall after the wall is complete and is sup- 
posed to have become compressed to its final 
form; the joints are then filled with a very 
rich mortar — say equal parts of cement and 
sand. Although ordinary brickwork is usually 
laid by finishing the joints as the work pro- 
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Fig. 29. Pitching Chisel 


ceeds, it is impossible to prevent some settling 


of the masnnrv. wbieh nsiiallv smieezes out .some of the mnrta.r and 





through the cracks into the wall. By scraping out the mortar^ 
which may be done with a hook before it has become thoroughly 
hard, the joint may be filled with a high grade of mortar which 
will render it practically impervious to rainwater. The pointing 
may be done with a mason’s trowel, although, for architectural 
effect, such work is frequently finished off with specially formed 
tools which will mold the outer face of the mortar into some 
desired form. 

Qvarry-Faced Stone. Quarry-faced stone is stone laid in the 
wall, in the condition in which it comes from the quarry. The 
term usually applies to stones w-hich have such regular cleavage 
planes that even the quarry faces are sufficiently 
regular for use* without dressing. 

Quoin. A quoin is a stone placed in the corner 
of a wall so that it forms a header for one face and 
a stretcher for the other. 

Random. Random is the converse of Coursed 
Masonry; masonry which is not laid in courses. 

Range. A range is a row or course with the 
horizontal joints continuous. Range masonry is 
masonry in which each course has the same thick- 
ness throughout, but the different courses vary in 
thickness. 

Riyi-aj). Riprap consists of rough stone, just 
as it comes from the quarry, W'hich is placed on 
the surface of an earth embankment. 

Rough-Pointing. Rough-pointing is dressing 
the face of a stone by means of a pick, or perhaps 
a point, until the surface is approximately plane. 

This may be the first stage preliminary to finer 
dressing of the stones. 

Rubble. Rubble is the name given masonry 
composed of rough stones as they come from the quarry, without 
any dressing other than knocking off any objectionable protruding 
points. The thickness may be quite variable, and therefore the 
joints are usually very 'thick in places. 

Slope-Wall Masonry. Slope-wmll masonry signifies a type of 

Ttroll TionoHir TsrVimVi ic V\ml+ r\n Q clr>-mnO’ V^QTlV nf 




and supported by it, the object of the wall being, clue , o ])rn ( < . 

the embankment against scour. ^ 

Spalls. Spalls are small stones and chips, selected according 
to their approximate fitness, which are placed between tlu' largi'r, 
irregular stones in rubble masonry in order to avoid, in places, an 
excessive thickness of the mortar joint. Specifications soniclinics 
definitely forbid their use. 

Squared-Stone Masonri/. Squared-stone masonry is niasonry in 
which the stones are roughly dres.sed .so that at tlu' 
distance between the general planes of the surlace ol adjoining 


stones is one-half inch or more. 

Stretcher. A stretcher is a stone which is places 1 in tlu' wall so 
that its greatest dimension is parallel with tlu' wall. 

Stringcovrse. A stringcourse is a course ol stone or brick, 
running horizontally around a building, whose sole ])urpos(' is archi- 
tectural effect. (See Belt Conrse.) 


Template. A template is a wooden form usi'd as a, giiidi' 
dressing stones to some definite .shape, as illustrati'd in bigs. 


in 

M • » 
t ). ) 


and 34. 

Two-Man Stone. Two-man .stone is a ratlu'r imh'finiti' tiwin 


applied to a size and weight of stone which cannot Ix' nsidily handled 
except by two men. The term has a significance in ])lanning llu* 
masonry work. 

T’ormow’. A voussoir is one of the tapering or wedgi'-shaix'd 
pieces of which an arch or vault is composed. The iniddh* oiu* 
is usually called the keystone. 

Water Table. The water table is a course of stoiu' which ])roj('cts 
slightly from the face of the wall, and is usually laid at tlu^ lop of 
the foundation wall. Its function is chielly architectural, although, 
as its name implies, it is supposed to divert the watc'r which might 
drain down the wall of a building, and to prevent it from following 
the face of the foundation wall. 


Wood Brick. ■ Wood brick is the name for a block of wood 


placed in a wall in a situation where it will later be ca)nvenient to 
drive nails or screws. Such a block is considered preferable to tin' 
plan of subsequently drilling a hole and inserting a ])lug of wood 
into which the screws or nails may be driven, since such a ])lug may 

act. as a. wpdp'p anri pmolr +Tip mnuniinr 


MUINti mA^UINKV 

Classification of Dressed Stones. Stone masonry is classified 
according to tlie shape of the stones, and also according to the 
quality and accuracy of the dressing of the joints so that the joints 
may be close. The definitions of these various kinds of stonework 
have already been given in the previous pages, and therefore will 
not be repeated here; but the classification will be repeated in the 
order of the quality and usual relative cost of the work. 


The term rubble is usually applied to stone masonry on which 
but little work has been done in dressing the stones, although the 
cleavage planes may be such that very regular stones may be pro- 
duced with very little work. Rubble masonry usually has joints 
which are very irregular in thickness. In order to reduce the amount 
of clear mortar which otherwise 
might be necessary in places ^ 

between the stones, small pieces \ 
of stone called spalls are placed \ 

between the larger stones. Such \ 

masonry is evidently largely de- I- ^ 

pendent upon the shearing and 
tensile strength of the mortar 

and is therefore comparatively \ I 

weak. Uarulm rubble, Fig. 31, E.„d„mE»bbfc 

which has joints that are not in 

general horizontal or vertical, or even approximately so, must be 
considered as a weak type of masonry. In fact, the real strength 
of such walls, which are frequently built for architectural effect, 
depends on the backing, to which the facing stones are sometimes 
secured by cramps. 

The next grade in quality is squared-stone masonry, which refers 
only to the accuracy in dressing the joints and may be applied to 
coursed, range, and random work. The term ashlar refers both 
to the rectangular shape of the stone and the accuracy of dressing 
the joints; it may be applied to coursed, range, and random work. 

Cutting and Dressing Stone. Many of the requirements and 
methods of stone dressing have already been stated in the definitions 
given above. Frequently a rock is so stratified that it can be split 
up into blocks whose faces are so nearly parallel and perpendicular 


Fig. 31. Random Rubble 
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that in building a substantial wall with comparatively close joints 
the stones may be used with little or no dressing. On the other 
handj an igneous rock such as granite must be dressed to a regular 
form. 

Rectangular Blocks. ‘The first step in making rectangular 
blocks from any stone is to decide from its stratification, if any, or 
its cleavage planes, how the stone may be dressed with the least 
labor in cutting. The stone is then marked in straight lines with 
some form of marking chalk, and drafts are cut with a drafting chisel 
so as to give a rectangle -whose four lines lie all in one plane. The 
other faces are then dressed off "with as great accuracy as is desired, 
so that they are perpendicular, or parallel, to this plane. For 
squared-stone masonry, and especially for ashlar masonry, the 
drafts should be cut for the bed joints, and the surface between the 
drafts on any face should be worked down to a true plane, or nearly 
so. The bed joints should be made slightly concave rather than 

convex, but the concavity should be very 
slight. If the surface is very convex, there 
is danger that the stones will come in con- 
tact with each other and produce a concen- 
tration of pressure, unless the joints are 
made undesirably thick. If they are very 
concave, there is a danger of developing 
transverse stresses in the stones, which 
might cause a rupture. The engineer or 
contractor must be careful to see that the 
bed joints are made truly perpendicular to 
the face. Careless masons will sometimes use the stones in the 
form of truncated "wedges, as illustrated in Fig. 32. Such masonry, 
when finished, may look almost like ashlar; but such a wall is 
evidently very -v^eak, even dangerously so. 

Cylindrical Surface. To produce a cylindrical surface on a 
stone, a draft must be cut along the stone, which shall be parallel 
with the axis of the cylinder, Fig. 33. A template made with a 
curve of the desired radius, and with a guide which runs along the 
draft, may be used in cutting down the stone to the required cylin- 
drical form. A circular template, swung around a point which may 
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ultlioiigli siicli work is now usually done in a lathe instead of by 
hand. 


Warped Hvrjacc. To make 
surface, a template must be 
made, as in Fig. T1-, by iirst cut- 
ting two drafts which shall lit a 
template made as sliown in the 
figure. Aftt'r these two drafts 
are cut, the surfiice between 
them is dressed down to fit a 
straight('dge, wliich is moved 
along the two drafts and per- 
pendicular to tlicm. Snell stone- 
work is very unusual, and almost 


a warped surface or helicoidal 



Fig. :i:i. 


Tuinijliitd for CuUing Cylimlricul 
Surfiiccj 


its only application is in the making of oblique or helicoidal arches. 

Kronoviiral tHizr. of Blocl's. The size of the blocks has a very 
great influence on the cost of dres.sing the stones per cubic yard of 
masonry. For example, to quote a very simple case, a stone 3 feet 
long, 2 feet wide, and TS inches high has 12 square feet of bed joints, 
() scpuire f('et of end joints, and 4.5 square feet of facing, and con- 
tains 9 cubic feet of masonry. If the stones are 18 inches long, 1 
foot wide, and 9 inches high — just one-half of each dimension — the 
area of each kind of dressed joint is one-fourth that in the case of 
the larger stones, but the volume of the masonry is only one-eighth. 
In other words, for stones of sim- 


ilar shape, increasing the size 
increases the area of dressing in 
proportion to the square of the 
dimensions, but it also increases 
the volume in proportion to the 
cube of the dimensions. There- 
fore large stones are far more eco- 
nomical than small stones, so far 
as the cost of dressing is a factor. 



Fig. 34. Teinpltitc for Warpecl-Surfaco Cutting 


The size of stones, the thickness of courses, and the type of 
TTiPHotirv should donond In.rtmlv on the nrndnet of the nun.rrv to be 


98 


MASONRY AND REINFORCED CONCRETE 


less will be the area to be dressed per cubic foot or yard of masonry. 
On the other hand, the size of blocks which can be broken out from 
a quarry of stratified rock, such as sandstone or limestone, is usually 
fixed somewhat definitely by the character of the quarry itself. 
The stratification reduces very greatly the work required, especially 
on the bed joints. But since the stratification varies, even in any 
one quarry, it is generally most economical to use a stratified stone 
for random masonry, while granite can be cut for coursed masonry at 
practically the same expense as for stones of variable thickness. 

Cost of Dressing Stone. Although, as explained above, the cost 
of dressing stone should properly be estimated by the square foot of 
surface dressed, most figures which are obtainable give the cost per 
cubic yard of masonry, which practically means that the figures are 
applicable only to stones of the average size used in that work. A 
few figures are here quoted from Gillette’s “Handbook of Cost Data” : 

(o) Hand Dressing — Wages, 75 centsper hour. Soft, 38 to 45 cents; medium, 
60 to 78 cents; hard, $1.12 to $1.20 per square foot of surface dressed. 

(6) Hand Dressing — Wages, $6.00 per day. Limestone, bushhammered, 
50 cents per square foot. 

(c) Hand Dressing Limestone — 32 square feet of beds and joints per 
8-hour day (or 4 square feet per hour); wages, 75 cents per hour, or 
19 cents per square foot. 

(d) Hand Dressing Granite — For -|-inch joints, 50 cents per square foot. 

(e) Sawing Slabs by Machinery — Costs approximately 30 cents per square 
foot. 

Constructive Features. Bonding. It is a fundamental prin- 
ciple of masonry construction that vertical joints, either longi- 
tudinal or lateral, should not be continuous for any great distance. 
Masonry walls — except those of concrete blocks — are seldom or never 
constructed entirely of single blocks which extend clear through 
the wall. The wall is essentially a double wall which is frequently 
connected by headers. These break up the continuity of the longi- 
tudinal vertical joints. The continuity of the lateral vertical joints 
is broken up by placing the stones of an upper course over the joints 
in the course below. Since the headers are made of the same quality 
of stone (or brick) as the face masonry, while the backing is of com- 
paratively inferior quality, it costs more to put in numerous headers, 
although strength is sacrificed by neglect to do so. For the best 
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TABLE XIV 

Mortar per Cubic Yard of Masonry 


Ghade of Masonry 

Volume OF Mortar per Cubic Yard of Masonry 

Ashlar 

1 to 2 cubic feet 

Squared-Stone 

4.5 to 7 cubic feet 

Rubble 

5.5 to 9 cubic feet 


One-fourth or one-fifth is a more usual ratio. Cramps and dowels 
are merely devices to obtain a more eflBcient bonding. An inspector 
must guard against the use of blind headers, which are short blocks 
of stone (or brick), which have the same external appearance on the 
finished wall, but which furnish no bond. After an upper course has 
been laid, it is almost impossible to detect them. 

Amount of Mortar. For the same reasons given when dis- 
cussing the relation of size of stones to amount of dressing required, 
more mortar per cubic yard of masonry is needed for small stones than 
for large. The larger and rougher joints, of course, require more 
mortar per cubic yard of masonry. In Table XIV are given figures 
which, for the above reasons, are necessarily approximate; the larger 
amounts of mortar represent the requirements for the smaller sizes 
of stone, and vice versa. 

The stones should be thoroughly wetted before laying them in 
the wall, so that they will not absorb the water in the mortar and 
ruin it before it can set. It is very important that the bed joints 
be thorouglily flushed with mortar. All vertical joints should like- 
wise be tightly filled with mortar. 

Allowable Unit Pressures. In estimating such quantities, the 
following considerations must be kept in mind: 

(1) The accuracy of the dressing of the stone, particularly the bed joints, 
has a very great influence. 

(2) The strength is largely dependent on that of the mortar. 

(3) The strength is so little dependent on that of the stone itself that the 
strength of the stone cannot be considered a guide to the strength of the masonry. 
For example, masonry has been known to fail under a load not more than five 
per cent of the ultimate crushing strength of the stone itself. 

(4) The strength of a miniature or small-scale prism of masonry is only 
a guide to the strength of large prisms. The ultimate strength of these is beyond 
the capacity of testing machines. 
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Judging from the computed pressures now ciin'U'd ])y noted 
structures, and also from the pressures sustained hy piers, el e., winch 
have shown distress and have been removed, it is evuh'ut that,^ 
assuming good workmanship, the allowable pressnr(' on masonry is 

as follows; 

Gramle Ashlar “I"" i»t H.|. i»''h 

Limestone or Sandstone Ashlar up 1.. 31111 potun » per »|. me h 

Squared-Stone up to 2o() pomn » per sq. me , 

up to MO poiiiiils per sip mcli 

Somewhat larger pressures may be allowed on llu; dillerent 
grades of stone masonry when Portland cement is used in tin* mortar 
instead of common lime. 

Cost of Stone Masonry. The total cost is a combination of 
several very variable items as follows: 

(1) Value of quarry privilege 

(2) Cost of stripping superincumbent earth or disinli'grati'il rock 

(3) Cost of quarrying 

(4) Cost of dressing 

(5) Cost of transportation (teaming, railroad, etc..), from quarry to sit.u 

of works 

(6) Cost of mortar 

(7) Cost of centering, scaffolding, derricks, et,c. 

(8) Cost of laying 

(9) Interest and depreciation on plant 

(10) Superintendence 

Some of the above items may be practically nothing, in eases. 
The cost of some of the items has already been disenssed. Tlu^ cost 
of many items is so dependent on local conditions and prices Ihtit the 
quotation of the cost of definite jobs would have but litth' vahu' and 
might even be deceptive. The following very general \'ahies may lx.; 
useful to give a broad idea of the cost of stone masonry: 

Rubble and Masonry in Mortar S3. 00 to $ f).m i)(>r <uil)ic y.ard 

Squared-Stone Masonry (3.00 to 10.00 laa- cubii^ yard 

Dimension Stone, Granite Ashlar vip (o ( 30.00 ,.ubi(; yanl 


BRICK MASONRY 

Many of the terms employed in stone masonry as well as tlic 
directions for properly doing the work arc equally api)lie;d)le. to 
brick masonry and, therefore, will not be here repeated. The follow- 



Bonding Used in Brick Masonry. Some of the principles 
involved in the effect of bonding on the strength of a wall have 



Fig. 35. Common Bond 

already been discussed. The other consideration is that of archi- 
tectural appearance. The common method of bonding, Fig. 35, is 
to lay five or six courses of brick entirely as stretchers, then a course 



Fig. 36. English Bond 


of brick will be laid entirely as headers. There is probably some 
economy in the work required of a bricklayer in following this policy. 
The so-called English bond, Fig. 36, consists of alternate courses of 



Fig. 37. Flemish Bond 


headers and stretchers. If the face bricks are of better quality 
than those used in the backing of the wall, this system means that 







TABLE XV 


Quantities of Brick and Mortar 





Thick- 

No. fiv 

IVIilllT.Ml 
(('ul)ir Yiutl) 


Kind of Brick 


Size 

(Inches) 

NEBS OF 

Joints 

(Inelieal 

Bukjk 

I’EU ClIllK' 

Y AllU 

Peu Ci'iiic 
YaIU) I)F 
Mahdnuy 

1-1 a 
I- 

( l.OiX) 

ItH‘K 

Common brick 
Common brick 
Pressed brick 

00 OO 00 

XXX 

tp. 

XXX 

to to to 

4 

8 

m 

niC) 

ri-Ji 

.;h 

.21 

.1,1 


.so 

.10 

.21 


tainly not an economical way of using the facing brick, '1 he I< (i')ii- 
ish bond,Yig. 37, employs alternate headers and strctclicrs in cacli 
course, and also disposes of the vertical joints so that there is a, 
definite pattern in the joints, which has a pleasing architectural ell eel , 
Constructive Features. On account of tlie c()in})araiivcly liigh 
absorptive power of brick, it is especially necessary that they shall 
be thoroughly soaked with water before being laid in the wall. 
An excess of water can do no harm, and will further insure, tlu'. bricks 
being clean from dust, which would affect the adhesion of the mortar. 
It is also important that the brick shall be laid with what is calk'd a 
shovejoint. This term is even put in specifications, and has a di'linile, 
meaning to masons. It means that, after laying the. mortar for the 
bed joints, a brick is placed with its edge projecting somewhat ovi'r 
that of the lower brick and is then pressed down into the. mortar 
and, while still being pressed down, is shoved into its proper position. 
In this way is obtained a proper adhesion between the mortar and 
the brick. 

The thickness of the mortar joint should not be over one-half 
inch; one-fourth inch, or even less, is far better, since it gives stronger 


masonry. It requires more care to make thin joints than thick 
joints and, therefore, it is very difficult to obtain thin joints whi'u 
masons are paid by piecework. Pressed brick fronts are laid with 
joints of one-eighth inch or even less, but this is considered high- 
grade work and is paid for accordingly. 

Strength of Brickwork. As previously stated with respect to 
stone masonry, the strength of brick masonry is largcdy (k'pciuhmt 
upon the strength of the mortar; but, unlike stone masonry, the 
strength of brick masonry is, in a much larger pro])ortion, (k'])endent 
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brick masonry has been determined by a series of tests, to vary from 
1,000 to 2,000 pounds per square inch, using lime mortar; and from 
1,500 to 3,000 pounds per square inch, using cement mortar — the 
variation in each group (for the same kind of mortar) depending on 
the quality of the brick. A large factor of safety, perhaps 10, should 
bo used with such figures. 

Methods of Measuring Brickwork. There has been a consid- 
erable variation in the methods of measuring brickwork, due to 
local trade customs, but the general practice now is to measure 
brickwork by the 1,000 bricks actually laid in the wall. Owing to 

the variations in size of bricks, no ride for volume of laid brick can 

be exact. For bricks that measure 8| inches by 4} inches by 2f 
inches the following scale is a fair average: 

7 bric.ks t,o a auijerficial foot for 4-in. wall = 40 lb. 

14 bridles to a superficial foot for 9-in. wall = 94 lb. 

21 bricks to a superficial foot for i;3-in. wall =121 lb. 

28 bricks to a superficial foot for IS-in. wall =1G8 lb. 

35 bricks to a superficial foot for 22-in. wall =210 lb. 

Common hand-burned bricks weigh from 5 to 6 pounds each. 
One thousand bricks, closely stacked, occupy about 5G cubic feet. 
Table XV shows the quantities of brick and mortar for both common 
and pressed brick. 

Cost of Brickwork. A laborer should handle 2,000 brick per 
hour in loading them from a car to a wagon. If they are not un- 
loaded by dumping, it will require as much time again to unload 
them. A mason should lay an average of 1,200 brick per 8-hour 
day on ordinary wall work. For large, massive foundation work 
with thick walls, the number should rise to 3,000 per day. On the 
other hand, the number may drop to 200 or 300 on the best grade of 
pressed-brick work. About one helper is required for each mason. 
Masons’ wages vary from 50 to 75 cents per hour; helpers’ wages are 
about one-half as much. 

Impermeability. As previously stated, brick is very porous; 
ordinary cement mortar is not water-tight; and, therefore, when it 
is desirable to make brick masonry impervious to water, some 
snecial method must be adopted, as described in Part I, under the 
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as a preventive, and with fairly good results. Diluted acid has 
been used successfully to remove the efflorescence. These methods 
have been described in Part I. 

Brick Piers. A brick pier, as a general rule, is the only form of 
brickwork that is subjected to its full resistance. Sections of wails 
under bearing plates, also, receive a comparatively large load; but 
only a few courses receive the full load and, therefore, a greater 
unit stress may be allowed than for piers. 

Kidder gives the following formulas for the safe strength of 
brick piers exceeding G diameters in height: 


Piers laid with rich lime mortar 

(«) 


- II 


Safe load, lb. per sq. in. = 110 — 5 — 


Piers laid with 1:2 natural cement mortar 

(6) Safe load, lb. per sq. in. = 140 — 5| ^ 

Piers laid with 1:3 Portland cement mortar 


(C) 


Safe load, lb. per sq. in. = 200 — 6 


E 

D 



In the above formulas, II is the height of the column in feet 
and D is the diameter of the column in feet. 

For example, a column 16 feet in height and If feet square, laid 
with rich lime mortar, may be subjected to a load of 65 pounds per 
square inch, or 9,360 pounds .per square foot; for a 1:2 natural 
cement mortar, 90 pounds per square inch, or 12,960 pounds per 
square foot; and for a 1 : 3 Portland cement mortar, 146 pounds per 
square inch, or 20,914 pounds per square foot. 

The building laws of some cities require a bonding stone spaced 
every 3 to 4 feet, when brick piers are used. This stone is 5 to 8 
inches thick, and is the full size of the pier. Engineers and archi- 
tects are divided in their opinion as to the results obtained by using 
the bonding stone. 

CONCRETE MASONRY 


Concrete is extensively used for constructing the many differ- 
ent types of foundations, retaining w^alls, dams, culverts, etc. The 
ingredients of which concrete is made, the proportioning and the 
methods of mixing these materials, etc., have been discussed in 
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will be (liscusscd in Part IV. Various details of the use of concrete 
in the construction of foundations, etc., will be discussed during the 
treatment of the several kinds of work. 

RUBBLE CONCRETE 

Advantages over Ordinary Concrete. Rubble concrete includes 
any class of concrete in which large stones are placed. The chief 
use of this concrete is in constructing dams, lock walls, breakwaters, 
retaining walls, and bridge piers. 

The cost of rubble concrete in large masses should be less than 
that of ordinary concrete, as the expense of crushing the stone used 
as rubble is sa\'ed, and each large stone replaces a portion of cement 
and aggrcgati'; therefore, this portion of cement is saved, as well as 
the labor of mixing it. The weight of a cubic foot of stone is greater 
than that of an ecpial amount of ordinary concrete, because of the 
pores in the concrete; the rubble concrete is therefore heavier, which 
increases its value for certain classes of work. In comparing rubble 
concrete with rubble masonry, the former is usually found cheaper 
because it recpiires very little skilled labor. For walls 3 or 3| feet 
thick, the rubble masonry will usually be cheaper, owing to the 
saving in forms. 

Proportion and Size of Stone. Usually the proportion of 
rubble stone is expressed in percentage of the finished work. This 
perc’cntage varies from 20 to G5 per cent. The percentage depends 
largely on the size of the stone used, as there must be nearly as much 
space left between small stones as between large ones. The per- 
centage therefore increases with the size of the stones. When “one- 
man” or “two-man” rubble stone is used, about 20 per cent to 25 
per cent of the finished work is composed of these stones. When 
the stones are large enough to be handled with a derrick, the pro- 
portion is increased to about 33 per cent; and to 55 per cent, or even 65 
per cent, when the rubble stones average from 1 to 2-1 cubic yards each. 

The distanc'c between the stones may vary from 3 inches to 15 
or IS inches. With a very wet mixture of concrete, which is gen- 
erally used, the stones can be placed much closer than if a dry mix- 
ture is used. With the latter mixture, the space must be sufficient 
to allow the concrete to be thoroughly rammed into all of the 
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crevices. Specifications often state that no rubble stone shall be 
placed nearer the surface of the concrete than 6 to 12 inches. 

Rubble Masonry Faces. The faces of dams are very often 
built of rubble, ashlar, or cut stone, and the filling between the faces 
made of rubble concrete. For this style of construction, no forms are 
required. For rubble concrete, when the faces are not constructed 
of stone, wooden forms are constructed as for ordinary concrete. 

Comparison of Quantities of Materials. The mixture of con- 
crete used for this class of work is often 1 part Portland cement, 3 
parts sand, and 6 parts stone. The quantities of materials required 
for one yard of concrete, according to Table VIII, Part I, are 1.05 
bbls. cement, 0.44 cu. yd. sand, and 0.88 cu. yd. stone. If rubble 
concrete is used, and if the rubble stone laid averages 0.40 cubic 
yard for each yard of concrete, then 40 per cent of the cubic contents 
is rubble, and each of the other materials may be reduced 40 per 
cent. Reducing these quantities gives 1.05X0.60 = 0.63 bbl. of 
cement; 0.44X0.60 = 0.26 cu. yd. sand; and 0.88X0.60 = 0.53 cu. yd. 
of stone, per cubic yard of rubble concrete. 

The construction of a dam on the Quinebaug River is a good 
example of rubble concrete. The height of the dam varies from 30 
to 45 feet above bed rock. The materials composing the concrete 
consist of bank sand and gravel excavated from the bars in the bed 
of the river. The rock and boulders were taken from the site of the 
dam, and were of varying sizes. Stones containing 2 to 2| cubic 
yards were used in the bottom of the dam, but in the upper part of 
the dam smaller stones were used. The total amount of concrete 
used in the dam was about 12,000 cubic yards. There was 1| cubic 
yards of concrete for each barrel of cement used. The concrete was 
mixed wet, and the large stones were so placed that no voids or 
hollows would exist in the finished work. 

DEPOSITING CONCRETE UNDER WATER 

Methods. In depositing concrete under water, some means 
must be taken to prevent the separation of the materials while 
passing through the water. The three principal methods are as 


Buckets. For depositing concrete by the first method, special 
buckets are made with a closed top and hinged bottom. Concrete 
deposited under water must be disturbed as little as possible and, 
in tipping a bucket, the material is apt to be disturbed. Several 
different types of buckets with hinged bottoms have been devised 
to open automatically when the place for depositing the concrete 
has been reached. In one type, the latches which fasten the trap- 
doors are released by the slackening of the rope when the bucket 
reaches the bottom, and the doors are open as soon as the bucket 
begins to ascend. In another type, in which the handle extends 
down the sides of the bucket to the bottom, the doors are opened 
by the handles sliding down when the bucket reaches the bottom. 
The doors are hinged to the sides of the bucket and, when opened, 
permit the concrete to be deposited in one mass. In depositing 
concrete by this means, it is found rather diflScult to place the layers 
uniformly and to prevent the formation of mounds. 

Bags. This method of depositing concrete under water is by 
means of open-woven bags or paper bags, two-thirds to three-quar- 
ters filled. The bags are sunk in the water and placed in courses — 
if possible, header and stretcher system — arranging each course as 
laid. The bagging is close enough to keep the cement from washing 
out and, at the same time, open enough to allow the whole to unite 
into a compact mass. The fact that the bags are crushed into 
irregular shapes which fit into each other tends to lock them together 
in a way that makes even an imperfect joint very effective. When 
the concrete is deposited in paper bags, the water quickly soaks the 
paper; but the paper retains its strength long enough for the con- 
crete to be deposited properly. 

Tubes. The third method of depositing concrete under water 
is by means of long tubes, 4 to 14 inches in diameter. The tubes 
extend from the surface of the water to the place where the concrete 
is to be deposited. If the tube is small, 4 to 6 inches in diameter, a 
cap is placed over the bottom, the tube filled with concrete and 
lowered to the bottom. The cap is then withdrawn, and as fast as 
the concrete drops out of the bottom, more is put in at the top of 
the tube, and there is thus a continuous stream of concrete deposited. 

WTien a large tube is used to deposit concrete in this manner. 
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lowered. The foot of the tube is lowered to the l)ottoin, and tlic 
water rises into the chute to the same level as tliat outside*; a,iid into 
this water the concrete must be dumped until the watc'r is wliolly 
replaced or absorbed by the concrete. This has atendenc.v to sepa- 
rate the cement from the sand and gravel, and will taki^ a yard or 
more of concrete to displace the water in the chute. 1 lu'ri* is a 
danger that this amount of badly washed concrete will be deposilcd 
whenever it is necessary to charge the chute. This danger occurs lu )t 
only when the charge is accidentally lost, but wheiu'ver tlu* work is 
begun in the morning, or at any other time. Wheia'ver tln^ work is 
stopped, the charge must be allowed to run out, or it would s(‘t in 
the tube. The tubes are usually charged by nu'ans of wheelbarrows, 
and a continuous flow of concrete must be maintaineil. When Ihe 
chute has been filled, it is raised slowly from the bottom, allowing a 
part of the concrete to run out in a conical lieap at tlu* foot. 

This method has also been used for grouting stoia*. in this 
case, a 2-inch pipe, perforated at the bottom, is usc'd. T’'h(^ gronl, 
on account of its great specific gravity, is suflieic'nt to rei)hie(^ tlu^ 
water in the interstices between the .stones, and firmly ('('iiu'nt tlu'm 
into a mass of concrete. A mixture of one part cement and om* ])art 
sand is the leanest mixture that can be used for this iJiirpose, as 
there is a great tendency for the cement and sand to sc'paratc*. 

CLAY PUDDLE 

Clay puddle consists of clay and sand made into a, ])lastie mass 
with water. It is used principally to fill cofi'erdams, and bn* making 
embankments and reservoirs water-tight. 

Quality of Clay. Opaque clays with a dull, earthy fraetmv, of 
an argillaceous nature, which are greasy to the touch, and which 
readily form a plastic paste when mixed with water, jire the Ix'st clays 
for making puddle. Large stones should be removed from tlu^ clay, 
and it should also be free from vegetable matter. .Snllleic'nt sand 
and water should be added to make a homogeneous mass. If too 
much sand is used, the puddle will be permeable; and if too little is 
used, the puddle will crack by shrinkage in drying. It is vc'ry impor- 
tant that clay for making puddle should sliow .oTpnt 


A simple test to find the cohesive property can easily be made. 
A small quantity of the clay is mixed with water and made into a roll 
about 1 inch in diameter and 8 to 10 inches long; and if, on being 
suspended by one end while wet, it does not break, the cohesive 
strength is ample. The test to find its water-retaining properties 
is made by mixing up 1 or 2 cubic yards of the clay with water, 
making it into a homogeneous plastic mass. A round hole is made 
in the top of the mass, large enough to hold 4 or 5 gallons of water. 
The hole is filled with water, and the top covered and left 24 hours; 
when the cover is removed, the properties of the clay will be indicated 
by the presence or absence of water. 

Puddling. The clay should be spread in layers about 3 inches 
thick and well chopped with spades, aided by the addition of suffi- 
cient water to reduce it to a pasty condition. Water should be 
given a chance to pass through freely as the clay is being mixed. 
The different layers, as they are mixed, should be bonded together 
by the spade passing through the upper layer into the under layer. 
The test for thorough puddling is that the spade will pass through 
the layer with ease, which it will not do if there are any hard lumps. 

When a large amount of puddle is required, harrows are some- 
times used instead of spades. Each layer of clay is thoroughly har- 
rowed, aided by being sprinkled freely with water, and is then rolled 
with a grooved roller to compact it. 

Puddle, when finished, should not be exposed to the drying 
action of the air, but covered with dry clay or sand. 

FOUNDATIONS 

PRELIMINARY WORK 

Importance of Foundations, It would be impossible to over- 
emphasize the importance of foundations, because the very fact that 
the foundations are underground and out of sight detracts from the 
consideration that many will give to the subject. It is probably 
true that a yielding of the subsoil is responsible for a very large 
proportion of the structural failures which have occurred. It is 
also true that many failures of masonry, especially those of arches, 
are considered as failures of the superstructure, because of breaks 
occurring in the masonry of the superstructure, which have really 
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been due, however, to a settlement of the foundations, resulting in 
unexpected stresses in the superstructure. It is likewise true that 
the design of foundations is one which calls for the exercise of experi- 
ence and broad judgment, to be able to interpret correctly such 
indications as are obtainable as to the real character of the subsoil 
and its probable resistance to concentrated pressure. 

CHARACTER OF SOIL 

Classification of Subsoils. The character of soil on which it 
may be desired to place a structure varies all the way from the 
most solid rock to that of semi-fluid soils whose density is but little 
greater than that of water. The gradation between these extremes 
is so uniform that it is practically impossible to draw a definite line 
between any two grades. It is convenient, however, to group sub- 
soils into three classes, the classification being based on the method 
used in making the foundation. These three classes of subsoils are : 
firm; compressible; and semi-fluid. 

Firm Siihsoils. These comprise all soils which are so firm, at 
least at some reasonably convenient depth, that no treatment of the 
subsoil, or any other special method, needs to be adopted to obtain 
a sufficiently firm foundation. This, of course, practically means 
that the soil is so firm that it can safely withstand the desired unit 
pressure. It also means that a soil which might be classed as firm 
soil for a light building should be classed as compressible soil for a 
much heavier building. It frequently happens that the top layers 
must be removed from rock because the surface rock has become 
disintegrated by exposure to the atmosphere. Nothing further 
needs to be done to a subsoil of this kind. 

Com'pressihle Subsoils. These include soils which might be con- 
sidered as firm soils for light buildings, such as dwelling houses, but 
which could not withstand the concentrated pressure that would be 
produced, for example, by the piers or abutments of a bridge. Such 
soils may be made sufficiently firm by methods described later. 

Semi-Fluid Subsoils. These are soils such as are frequently 
found on the banks or in the beds of rivers. They are so soft that 
they cannot sustain, without settlement, even the load of a house, to 
say nothing of a heavier structure; nor can they be materially 




until it reaches and is supported by a firm soil or by rock, which may 
be 50 or even 100 feet below the surface. The general methods of 
accomplishing these results will be detailed in the following pages. 

Examination of Soil with Auger. The first step is to excavate 
the surface soil to the depth at which it would be convenient to place 
the foundation and at which the soil appears, from mere inspection, 
to be suflficiently firm for the purpose. An examination of the 
trenches or foundation pits with a post auger or steel bar will gen- 
erally be sufiBcient to determine the nature of the soil for any ordi- 
nary building. The depth to which such an examination can be 
made with a post auger or steel bar will depend on the nature of the 
soil. In ordinary soils there will not be much difiiculty in extending 
such an examination 3 to 6 feet below the bottom of the foundation 
pits. In common soils or clay, borings 40 feet deep, or even deeper, 
can readily be made with a common wood auger, turned by men. 
From the samples brought up by the auger, the nature of the soil 
can be determined; but nothing of the compactness of the soil can 
be determined in this manner. 

Testing Compressive Value. In order to test a soil to find its 
compressive value, the bottom of the pit should be leveled for a 
considerable area, and stakes should be driven at short intervals in 
each direction. The elevations of the tops of all the stakes should 
be very accurately taken with a spirit level. For convenience, all 
stakes should be driven to the same level. A mast whose base has 
an area one foot square can support a platform which may be loaded 
with several tons of building material, such as stone, brick, steel, 
etc. This load can be balanced with sufiBcient closeness so that 
some very light guys will maintain the unstable equilibrium of the 
platform. As the load on the platform is greatly increased, at some 
stage it will be noted that the mast and platform have begun to sink 
slightly, and also that the soil in a circle around the base of the mast 
has begun to rise. This is indicated by the rising of the tops of the 
stakes. Even a very ordinary soil may require a load of five or six 
tons on a square foot before any yielding will be observable. One 
advantage of this method lies in the fact that the larger the area of 
the foundation, the greater will be the load per square foot which may 



be safely carried, and that the uncertainty of the result is on the 
safe side. A soil which might yield under a load concentrated on a 
mast one foot square would probably be safe under that same unit 
load on a continuous footing which was perhaps three feet wide; 
and if, in addition, a factor of safety of three or four was used, there 
would probably be no question as to the safety. Such a test need 
be applied only to an earthy soil. It would be practically impossible 
•to produce a yielding by such a method on any kind of rock or even 
on a compacted gravel. 

Bearing Power of Ordinary Soils. A distinction must be main- 
tained between the crushing strength of a cube of rock or soil, and 
the bearing power of that soil when it lies as a mass of indefinite 
extent under some structure. A soil can fail only by being actually 
displaced by the load above it, or because it has been undermined, 
perhaps by a stream of water. A sample of rock which might crush 
with comparative ease, when tested as a six-inch cube in a testing 
machine, will probably withstand as great a concentration of load 
as it is practicable to put upon it by any engineering structure. 
Even a gravel, which would have absolutely no strength if an 
attempt were made to place a cube of it in a testing machine, will be 
practically immovable when lying in a pit where it is confined 
laterally in all directions. 

Rock. The ultimate crushing strength of stone varies greatly. 
The crushing strength is usually determined by making tests on 
small cubes. Tests made on prisms of a less height than width 
show a much greater strength than tests made on cubes of the same 
material, which shows that the bearing strength of rock on which 
foundations are built is much greater than the cubes of this stone. 
In Table I, Part I, the lowest value given for the crushing strength 
of a cube is 2,894 pounds per square inch, which is equal to 416,736 
pounds per square foot. This shows that any ordinary stone which 
is well imbedded will carry any load of masonry placed on it. 

Sand and Gravel. Sand and gravel are often found together. 
Gravel alone, when of sufficient thickness, makes one of the firmest 
and best foundations. Dry sand or wet sand, when prevented from 
spreading laterally, forms one of the best beds for foundations; but 
it must be wtII protected from running water, as it is easily moved 


8.000 pounds per square foot; and when compact and well cemented, 
from 8,000 to 10,000 pounds per square foot. Ordinary gravel, well 
bedded, will safely bear a load of 6,000 to 8,000 pounds per square 
foot; and when well cemented, from 12,000 to 16,000 pounds per 
square foot. 

Clay. There is great variation in clay soils, ranging from a 
very soft mass which will squeeze out in all directions when a very 
small pressure is applied, to shale or slate which will support a very 
heavy load. As the bearing capacity of ordinary clay is largely 
dependent upon its dryness it is, therefore, very important that a 
clay soil should be well drained, and that a foundation laid on such a 
soil should be at a sufficient depth to be unaffected by the weather. 
If the clay cannot be easily drained, means should be taken to pre- 
vent the penetration of water. When the strata are not horizontal, 
great care must be taken to prevent the flow of the soil under pres- 
sure. When gravel or coarse sand is mixed with the clay, the bearing 
capacity of the soil is greatly increased. 

The bearing capacity of a soft clay is from 2,000 to 4,000 pounds 
per square foot; of a thick bed of medium dry clay, 4,000 to 8,000 
pounds per square foot, and for a thick bed of dry clay, 8,000 to 

10.000 pounds per square foot. 

Soft or Semi-Liquid Soils. The soils of this class include mud, 
silt, quicksand, etc., and it is necessary to remove them entirely or 
to reach a more solid stratum under the softer soil; or, sometimes, 
the soil can be consolidated by adding sand, stone, etc. The manner 
of improving such a soil will be discussed later. In the same way 
that water will bear up a boat, a semi-liquid soil will support, by the 
upward pressure, a heavy structure. For a soil of this kind, it is very 
difficult to give a safe bearing value; perhaps 500 to 1,500 pounds 
per square foot is as much as can be supported without too great a 
settlement. 

Improving a Compressible Soil. The general method of improv- 
ing a compressible soil consists in making the soil more dense. This 
may be done by driving a large number of piles into the soil, espe- 
cially if the piles will be always under the water line in that ground. 
Driving the piles compresses the soil; and if the piles are always 
under water, they will be free from decay. If the soil is sufficiently 


lorm even temporarily, the pile may be drawn and then the hole 
immediately filled wnth sand, which is rammed into the hole as 
compactly as possible. This gives us a type of piling known as 
sand piles. 

A soft, clayey subsoil may frequently be improved by covering 
it wnth gravel, w^hich is rammed and pressed into the clay. Such a 
device is not very effective, but it may sometimes be sufiiciently 
effective for its purpose. 

A subsoil is often very soft because it is saturated with water 
which cannot readily escape. Frequently, a system of deep drainage, 
which will reduce the natural level of the ground water considerably 
below the desired depth of the bottom of the foundation, will trans- 
form the subsoil into a dry, firm soil which is amply strong for its 
purpose. Even when the subsoil is very soft, it will sustain a heavy 
load, provided that it can be confined. While excavating for the 
foundations of the tower of Trinity Church in New York City, a 
large pocket of quicksand was discovered directly under the pro- 
posed tower. Owing to the volume of the quicksand, it was found 
to be impracticable to drain it all out; but it was also discovered 
that the quicksand was confined within a pocket of firm soil. A 
thick layer of concrete was, therefore, laid across the top, which 
effectively sealed up the pocket of quicksand, and the result has 
been perfectly satisfactory. 

PREPARING THE BED 

Preparing the Bed on Rock. The preparation of a rock bed on 
which a foundation is to be placed is a simple matter compared 
with that required for some soils on which foundations are placed. 
The bed rock is prepared by cutting aw’^ay the loose and decayed 
portions of the rock and making the plane on which the foundation 
is placed perpendicular to the direction of the pressure. If the rock 
bed is an inclined plane, a series of steps can be made for the sup- 
port of the foundation. Any fissures in the rock should be filled 
with concrete. 

Whenever it is necessary to start the foundation of a structure at 
different levels, great care is required to prevent a break in the joints 
at the stepping places. The precautions to be taken are that the 
mortar joints must be kept as thin as possible; the lower part of the 
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Fig. 38, Drainage for Foundation Wall 
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proceed slowly. By following these precautions, the settlement in 
the lo-wer part will be reduced 
to a minimum. These precau- 
tions apply to foundations of 
all classes. 

Preparing the Bed on Firm 
Earth. Under this heading is 
included hard clay, gravel, and 
clean, dry sand. The bed is 
prepared by digging a trench 
deep enough so that the bot- 
tom of the foundation is below 
the frost line, which is usually 
3 to 6 feet below the surface. Some provision, similar to that shown 
in Fig. 38, should be made for drainage. 

Care should be taken to pro- 
portion the load per unit of area so 
that the settlement of the founda- 
tion will be uniform. 

Preparing the Bed on Wet 
Ground. The chief trouble in mak- 
ing an excavation in wet ground is 
in disposing of the water and pre- 
venting the wet soil from flowing 
into the excavation. In moderately 
wet soils, the area to be excavated 
is enclosed with sheet piling, as in 
Fig. 39. This piling usually consists 
of ordinary plank, 2 inches thick 
and 6 to 10 inches wide, and is often 
driven by hand; or it may be driven 
by methods that will be described 
later. The piling is driven in close 
contact, and in very wet soil it is 
necessary to drive a double row of 
the sheeting. To prevent the sheeting from being forced inwards, 
cross braces are used between the longitudinal timbers. When one 



Sheet Piling in Foundation 
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length of sheeting is not long enough^ an additional length can be 
placed inside. A more extended discussion of pile driving will be 
given in the treatment of the subject “Piles”. 

The water can sometimes be bailed out, but it is generally 
necessary to use a hand or steam pump to free the excavation of 
water. Quicksand and very soft mud are often pumped out along 
with the water by a centrifugal or mud pump. 

Sometimes, areas are excavated by draining the water into a hole 
the bottom of which is always kept lower than the general level of the 
bottom of the excavation. A pump may be used to dispose of the 
water drained into the hole or holes. 

When a very soft soil extends to a depth of several feet, piles are 
usually driven at uniform distances over the area and a grillage is 
constructed on top of the piles. This method of constructing a 
foundation is discussed in the section on “Piles”. 

FOOTINGS 

Requirements of Footing Course. The three requirements of a 
footing course are : 

(1) That the area shall be such that the total load divided by the area 
shall not be greater than the allowable unit pressure on the subsoil. 

(2) That the line of pressure of the wall, or pier, shall be directly over 
the center of gravity — and hence the center of upward pressure — of the base of 
the footings. 

(3) That the footing shall have sufficient structural strength so that it 

can distribute the load uniformly over 
the subsoil. 

When it has been determined 
with sufficient accuracy how 
much pressure per square foot 
may be allowed on the subsoil 
(see pages 112, 113), and when 
the total load of the structure has 
been computed, it is a very sim- 
ple matter to compute the width 
of continuous footings or the area 

Fig. 40. Construction WTiere Lines of Down- (• , • 
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Do Xot Coincide 

The second requirement is 
very easily fulfilled when it is possible to spread the footings in all 




figure will almost inevitably result in cracks 
in the building, unless some special device 
is adopted to prevent them. One general 
method is to introduce a tie of sufficient 
strength from a to 6. The other general 
method is to introduce cantilever beams 
under the basement, which either extend 
clear across the building or else carry the 
load of interior columns so that the center 
of gravity of the combined loads will coincide with the central 
pressure line of the upward pressure of the footings. 

The third requirement practically means that the thickness of 
the footing (Jbc, Fig. 41) shall be great enough so that the footing can 
resist the transverse stresses caused by the pressure of the subsoil on 
the area between c and d. When the thickness must be made very 
great, such as fh, Fig. 42, on account of the wide offset gh, material 
may be saved by cutting out the rectangle ekvil. The thickness 
mo is computed for the offset go, just as in the first case; while the 
thickness km of the second layer may be computed from the offset 
kf. Where the footings are made of stone or of plain concrete, 
whose transverse strength is always low, the offsets are necessarily 
small; but when using timber, reinforced 
concrete, or steel I-beams, the offsets may 
be very wide in comparison with the depth 
of the footing. 

Calculation of Footings. The method 
of calculation is to consider the offset of 
the footing as an inverted cantilever which 
is loaded with the calculated upward pres- 
sure of the subsoil against the footing. If 
Fig. 41 is turned upside down, the resem- 
blance to the ordinary loaded cantilever will be more readily appar- 
ent. Considering a unit length I of the wall and the amount of the 
offset 0 equal to dc in Fig. 41, and calling P the unit pressure from 
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Fig. 42. Saving of Material in 
Very Thick Footing 
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Fig. 41. Transverse Stres.se3 in 
Footing Determining Its 
Thickness 
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TABLE XVI 


Ratio of Offset to Thickness for Footings of Various Kinds of Masonry 


Kind of Masonky 

MODULtrS OF 
Ruptbre 
(Minimum 
and Maximum 
Values) 

0 

» 

> 

< 

P 
ca ^ 

a -<>- 

pf>ftj 

$ 

w 

Pressure on Bottom op Footing 
(Tons per Square Foot) 

0.5 

1.0 

1.5 


2.5 



Granite 

1,200-1,365 

1,280 

130 

2.5 

1.8 

1.45 

1.25 

1.1 

1.0 


Limestone 

450- 900 

675 

70 

1.8 

1.3 

1.05 

0.9 

0.8 

0.75 

mQI 

Sandstone 

135-1,100 

525 

55 

1.6 

1.15 

lilBM 

0.8 

0.75 

IIXSK 


Concrete (plain) 
1:2:4 

400- 480 

440 

75 

1.9 

1.35 

1.1 



M 


1:3:6 

213- 246 

230 

40 

1.4 


0.8 
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the subsoil, we have PoZ as the pressure on that area, and its lever 
arm about the point c is ^o. Therefore, its moment equals I Pd^L 
If t represents the thickness be of the footing, the moment of 
resistance of that section equals I RIP, in which R equals the unit 
compression (or unit tension) in the section. We therefore have 
the equation 

^PoH^lRlP 

By transposition 


0^ _ R , 
P~ZP’ 




( 2 ) 


The fraction — is the ratio of the offset to its thickness. 

V 


The solution 


of the above equation, using what are considered to be conservatively 
safe values for R for various grades of stone and concrete, is given 
in Table XVL 


Example. The load on a wall has been computed as 19,000 pounds per 
running foot of the wall, which has a thickness of 18 inches just above the footing. 
What must be the breadth and thickness of granite slabs which may be used as 
a footing on soil which is estimated to bear safely a load of 2.0 tons per square 
foot? 

Solution. Dividing the computed load (19,000) by the allowable unit 
pressure (2.0 tons equals 4,000 pounds), we have 4 . 75 feet as the required width 
of the footing. 

^ (4.75 — 1.5) = 1.625 feet, the breadth of the offset o 
From the table we find that for a subsoil loading of 2.0 tons per square foot, 
the offset for granite mav be 1.25 times its thickness. Therefore. = 













Although brick can be used as a footing course, the maximum 
possible offset, no matter how strong the brick may be, can only be 
a small part of the length of the brick — the brick being laid perpen- 
dicular to the wall. One requirement of a footing course is that the 
blocks shall be so large that they will equalize possible variations in 
the density and compressibility of the subsoil. This cannot be done 
by bricks or small stones. Their use should therefore be avoided in 
footing courses. 

Beam Footings. Steel, and even wood, in the form of beams, 
are used to construct very wide offsets. This is possible on account 
of their greater transverse strength. The general method of calcu- 
lation is identical with that given above, the only difference being 
that beams of definite transverse strength are so spaced that one 
beam can safely resist the moment developed in the footing in that 
length of wall. Wood can be used only when it will be always 
under water. Steel beams should always be surrounded by concrete 
for protection from corrosion. 

Using Wood Beams. If we call the spacing of the beams s, the 
length of the offset o, and the unit pressure from the subsoil P, the 
moment acting on one beam equals \Po^s. Calling w the width 
of the beam, t its thickness or depth, and R the maximum permis- 
sible fiber stress, the maximum permissible moment equals 
Placing these quantities equal, we have the equation 

lPo^s = l Rwt^ (3) 

Having decided on the size of the beam, the required spacing may be 
determined. 

Example. An 18-inch brick wall carrying a load of 12,000 pounds per 
running foot is to be placed on a soft, wet soil where the unit pressure cannot 
be relied on for more than 2,000 pounds per square foot. What must be the 
spacing of 10- by 12-inch footing timbers of long-leaf yeUow pine? 

Solution. The width of the footing is evidently 12,000 h- 2,000 = 6 feet. 
The offset o equals | (6 — 1.5) = 2.25 feet = 27 inches.' Since the unit of 
measurement for computing the transverse strength is the inch, the same unit 

must be employed throughout. Therefore, P = ^ ~ 1j 200 pounds per 
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square inch; w = 10 inches; and I = 12 inches. Equation (3) may be rewritten 

__Rw1? 

^~SPo^ 


Substituting the above values, we have 


s 


1,200 X 10 X 144 
3 X X 729 


56.9 in. 


This shows that the beams must be spaced 56.9 inches apart, center 
to center. These beams should be underlaid with thick planks, 
or even beams, laid close together, parallel with the wall, and for 
the entire width of the footing, for the double purpose of providing 
the full pressure area needed and also to tie the beams together. 
The span of the crossbeams is 56.9 inches or 4.74 feet. The clear 
space is 4.74— .83 or 3.91 feet. The working span is a little more 
than this, say even four feet. Then ilf = (2000x4) X48-^8 or 
48,000 inch-pounds. Placing this equal to in which 

6 = 12, then /i = 4.48 inches. Allowing a little for outside deteriora- 
tion, the ‘^planks'’ should be 5 inches thick. 

Using Steel I-Beams. The method of calculation is the same as 
for wood beams, except that, since the strength of I-beams is 
more readily computable by reference to tables in the handbooks 
published by the manufacturers, such tables will be utilized. The 
tables always give the safe load which may be carried on an I-beam 
of given dimensions on any one of a series of spans varying by 
single feet. If we call W the total load (or upward pressure) to be 
resisted by a single cantilever beam, this will be one-fourth of the 
load which can safely be carried by a beam of the same size and on a 
span equal to the offset. 

Example. Solve the previous c.xamplo on the basis of using steel I-beams. 

Solution. The offset is, necessarily, 2.25 feet; at 2,000 pounds per square 
foot, the pressure to be carried by the beams is 4,500 pounds for each foot of 
length of the wall. By reference to the tables and interpolating, a 6-inch I-beam 
weighing 12.25 pounds per linear foot will carry about 34,860 pounds on a 2- 
foot 3-inch span. One-fonrth of this, or 8,715 pounds, is the load carried by a 
cantilever of that length. Therefore, 8,715 -r- 4,500 = 1.936 feet = 23.25 
inches, is the required spacing of such beams. 

When comparing the cost of this method with the cost of others, 
the cost of the masonry-concrete filling must not be overlooked. A 


steel should be immediately placed at the proper spacing; then the 
spaces between the beams should be filled in with concrete, care 
being taken to ram the concrete so thoroughly as to prevent voids. 
The concrete should extend up to a level at least two inches above 
the beams so as to protect the steel from rusting. In this case the 
spacing is 23.25 inches, and the net clear space about 20 inches. 
Since the concrete will be deeper than this, we may say, without 
numerical calcidation, that the arching action of the concrete be- 
tween the beams would be ample to withstand the soil pressure. 
The spacing of the beams should be neither so wide as to preclude 
safe arching action — which is unlikely — nor so narrow as to hinder 
thorough tamping of the concrete between them. 

Design of Pier Footings. The above designs for footings have 
been confined solely to the simplest case of the footing required 
for a continuous wall. A column or pier must be supported by a 
footing which is offset from the column in all four directions. It is 
usually made square. The area is very readily obtained by dividing 
the total load by the allowable pressure per square foot on the soil. 
The quotient is the required number of square feet in the area of 
the footing. If a square footing is permissible — and usually it is 
preferable — the square root of that number gives the length of one 
side of the footing. Special circumstances frequently require a 
rectangular footing or even one of special shape. The problem of 
so designing a footing that the center of pressure of the load on a 
column shall be vertical over the center of pressure of the subsoil 
is solved in detail under ^'Column Footing”, Part III, page 252. A 
column placed at the corner of a building which is located at the 
extreme corner of the property, and which cannot extend over the 
property line, must usually be supported by a compound footing. 
The principles involved are discussed in detail, under “Compound 
Footings”, Part III, page 256. 

The determination of the thickness of a footing depends some- 
what upon the method used. When the grillage is constructed 
of I-beams, as illustrated in Fig. 43, the required strength of each 
series of beams is readily computed from the offset of each layer. 
If the footing consists of a single block of stone or a plate of concrete, 
either plain or reinforced, the thickness must be computed on the 
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“Simple Footings”, Part III, page 249. 

Example. A column with a base 3 feet 4 inches square, carrying a total 
load of 630,000 pounds, is to be supported on a soil on which the permissible 



Fig. 43. Grillage of I-Beams 


loading is estimated as three tons per square foot; an I-beam footing is to be 
used. Eequired, the design of the I-beams, 

Solution. The required area of the footing is evidently 630,000 6,000 = 

105 square feet. Using a footing similar to that illustrated in Fig. 43, we shall 
make the lower layer of the footing, say 10 feet 6 inches by 10 feet wide. The 
length of the beams being 126 inches, and the column base being 40 inches 






square, the offset from the column is 43 inches, or 3 . 58 feet on each side. Look- 
ing at a table of standard I-beams, we find that a 9-inch beam weighing 21 
pounds per linear foot will carry 50,320 pounds on a span of four feet. For a 

span of 3.58 feet, the allowable load is X 50,320, or 56,220 pounds. Tak- 

ing one-fourth of this, as in the example on page 120, we have 14,055 pounds 
which may be carried by each beam acting as a cantilever. The upward pressure 
of an offset 3.58 feet long and 10 feet wide, at the rate of 6,000 pounds per 
square foot, would be 214,800 pounds. Therefore, 15 such beams, each 10 feet 
6 inches long, would be required in the lower layer. The upper layer must 
consist of beams 10 feet long on which the offset from the pier is 40 inches on 
each side. The group of beams under each of these upper offsets carries an 
upward pressure of 6,000 pounds per square foot on an area of 10 feet 6 inches by 
3 feet 4 inches; total pressure, 210,000 pounds. The total load on each foot 
of width of the upper layer is 63,000 pounds. Looking at the tables, a 15-inch 
I -beam weighing 42 pounds per foot can carry a load, on a 10-foot span, of 
62,830 pounds. The permissible load on a cantilever of this length would be 
one-fourth of this, or 15,700 pounds. The permissible load on a cantilever 
3 feet 4 inches long WiU be in the ratio of 10 feet to 3 feet 4 inches, or, in this 
case, exactly three times as much, which would be 47,100 pounds. The total 
of 210,000 pounds, divided by 47,100, will show that although five such beams 
will have a somewhat excessive strength, four would not be sufficient; therefore 
five beams should be used. The lower layer of beams have a flange width of 
4.33 inches each. The 15 beams, distributed over a space of 10 feet, or 120 
inches, would be about 8 inches apart, leaving 3.67 inches net space between 
them, which is sufficient for ramming the concrete. The five upper beams 
each have a flange width of 5 . 5 inches, which would use up 27.5 inches of the 
40 inches width of the column base, leaving 12.5 inches for the four spaces, or 
3| inches per space, which is again suflficient, although it is about as close as is 
desirable. It should not be forgotten that surrounding all these beams in both 
layers with concrete adds somewhat to the strength of the whole footing, but 
that no allowance is made for this additional strength in computing dimensions. 
It merely adds an indefinite amount to the factor of safety. 


PILE FOUNDATIONS 

Piles. The term pile is generally understood to be a stick of 
timber driven in the ground to support a structure. This stick of 
timber is generally thought of as the body of a small tree; but timber 
in many shapes is used for piling. Sheet piling, for example, is gen- 
erally much wider than thick. Cast iron and wrought iron have 
also been used for all forms of piling. Structural steel has also been 
used for this purpose. Within the last few years, concrete and 
reinforced concrete piles have been used quite extensively in place 
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Ca'st=Iron Piles. Cast-iron piles have been used to some 
extent. The advantages claimed for these pUes are that they are 
not subject to decay; they are more readily driven than wood 
piles in stiff clays or stony ground; and they have a greater crushing 
strength than wood piles. The latter quality will apply only 
when the pile acts as a column. The greatest objection to these 
piles is that they are deficient in transverse strength to resist sudden 
blows. This objection applies only in handling them before they 
are driven, and to those which, after being driven, are exposed to 
blows from ice and logs, etc. When driving cast-iron piles, a block 
of wood is placed on top of the pile to receive the blow; and, after 
being driven, a cap wnth a socket in its lower side is placed upon 
the pile to receive the load. Generally, lugs or flanges are cast on the 

sides of the piles, to which bracing may 
'**'[ be attached for fastening them in place. 

Screw Piles. This term refers to a 
type of metal pile whose use is limited, 
but which is apparently very effective 
where it has been used. It consists essen- 

\ IL- tially of a steel shaft, 3 to 8 inches in 

diameter, strong enough to act as a col- 
\ij umn, and also to withstand the twisting 

Fig. 44 . Screw Pile to which it is Subjected while the pile 

is being sunk. Fig. 44. At the lower 
end of the shaft is a helicoidal surface 


having a diameter of perhaps five feet. 
Such piles can be used only in compara- 
tively soft soil, and their use is practi- 
cally confined to foundations in sand- 
banks on the shore of the ocean. To 
sink such piles, they are screwed into 
place by turning the vertical shaft with 
a long lever. Such a sinking is usually 
assisted by a w^ater jet, which will be 
described later. 



Fig. 45. Disk Pile 


Disk Piles. A variation of the screw pile is the disk pile. Fig. 
45, which, as its name implies, has a circular disk in place of a heli- 
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the pile being heavily loaded so that it shall be forced down. 

Wood Bearing Piles. Specifications for wood piles generally 
require that they shall have a diameter of from 7 to 10 inches at the 
smaller end, and 12 to 15 inches at the larger 
end. Older specifications were quite rigid in 
insisting that the tree trunks should be 
straight, and that the piles should be free 
from various kinds of minor defects; but the 
growing scarcity of timber is modifying the 
rigidity of these specifications, provided the 
most essential qualifications of strength and 
durability are provided for. Timber piles 
should have the loark removed before being 
driven, unless the piles are to be always under 
water. They should be cut square at the 
driving end, and pointed at the lower end. 

When they are to be driven in hard, gravelly 
soil, it is often specified that they shall be 
shod with some form of iron shoe. This may 
be done by means of two straps of wrought 

iron, which are bent Fig. 46. Wrought-Iron 
. , . , Pile-Shoe 

over the point so as 

to form four bands radiating from the point 
of the pile, Fig. 46. By means of holes 
through them, these bands are spiked to the 
piles. Another method, although it is con- 
sidered less effective on accoimt of its liabil- 
ity to be displaced during driving, is to use 
a cast-iron shoe. These shoes are illustrated 
in Fig. 47. It is sometimes specified that 
piles shall be driven with the butt end, or 
larger end, down, but there seems to be 
little if any justification for such a specifica- 
tion. The resistance to driving is consider- 
ably greater, while their ultimate bearing power is but little if any 
greater. If the driving of piles is considered from the standpoint of 
compacting the soil, as already discussed on page 113, then driving 





the piles with the small end down will compact the soil more effec- 
tively than driving them butt end down. 

White pine, spruce, or even hemlock may be used in soft soils; 
yellow pine in firmer ones; and oak, elm, beech, etc., in the more 
compact soils. The piles are usually driven from to 4 feet apart 
each way, center to center, depending on the character of the soil 
and the load to be supported. Timber piles, when partly above 
and partly under water, will decay very rapidly at the water line. 



Fig. 49, Triple Sheet Piling for Cofferdams Sheet Pile 


This is owing to the alternation of dryness and wetness. In tidal 
waters they are destroyed by the marine worm known as the teredo. 

The American Railway Engineering Association recommends 
the following specifications for piling: 

Piles shall be cut from sound, live trees; shall be close-grained and solid; 
free from defects such as injurious ring shakes, large and unsound knots, decay, 
or other defects that will materially impair their strength. The taper from butt 
to top shall be uniform and free from short bends. 

All piles except foundation piles shall be peeled. 

Sheet Piling. Ordinary planks, 2 or 3 inches thick, and wider 
than they are thick, are, when driven close together, known as sheet 
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reduced by using a second row of plank, breaking joints with the 
first row, as shown in Fig. 48-b. When it is required that the sheet 
piling shall form a water-tight wall, such as a cofferdam, three thick- 
nesses of plank are generally used with joints as arranged in Fig. 49. 

Sheet piling is usually driven in close contact, either to prevent 
leakage, to confine puddle in cofferdams, to prevent the materials 
of a foundation from spreading, or to guard a foundation from being 



Fig. 51. Types of Sheet Steel Piling, (a) Carnegie Steel Company; 

(b) Jones and Laughlin; (e) Lackawanna Steel Company 
(Arched Web Section); (d) Lackawanna Steel 
Company (Straight Web Section). 

undermined by a stream of water. To make wood piles drive 
with their sides close against each other, they are cut obliquely at 
the bottom, as shown in Fig. 50. They are kept in place, while 
being driven, by means of two longitudinal stringers or wales. These 
wales are supported by gage piles previously driven, which are sev- 
eral feet apart. 



ave developed the manufacture of steel sheet 'piling, which can be 
;-drawn and used many times. The forms'of steel for sheet piling are 
2 arly all patented. The cross sections of a few of them are shown 
i Fig. 51. One feature of some of the designs is the possible ’flex- 
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Fig. 52. Ileinforced-Coacrete Pile.? 


ibility secured in the outline of 
the dam without interfering with 
the water-tightness. 

Concrete and Reinforced= 
Concrete Piles. Concrete and 
reinforced-concrete piles may be 
classified under two headings : (a) 
those where the piles are formed, 
hardened, and driven very much 
the same as any pile is driven; 
(6) those where a hole is made in 
the ground, into which concrete 
is' rammed and left to harden. 

Reinforced-concrete piles 
which have been formed on the 
ground are designed as columns 
with vertical reinforcement con- 
nected at intervals with horizon- 
tal bands. These piles are usually 
made round or octagonal in sec- 
tion, and a steel or cast-iron point 
is used. 

Fig. 52-a shows a type of pile 
that is commonly used when con- 
structed in forms, hardened, and 
driven the same as a wood pile. 
These piles must be reinforced 
with steel so that they can be 
handled. 


Fig. 52-b shows the general plan of a type of pile that has been 
:d to some extent along the seashore where piles can be jetted, 
ey are usually molded in a vertical position and as soon as they 
L be handled are jetted in place. These piles are not dependent 
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convey the load direct to the sand under the enlarged end. Piles 
of this type have been used for loads of 50 to 60 tons. They cannot 
be used in clusters but each pile must be of suflacient size to support 


the entire load at any given point. 

Raymond Concrete Pile. The 
Raymond concrete pile, Fig. 53, 
is constructed in place. A col- 
lapsible steel pile core is encased 
in a thin, closely-fitting, sheet- 
steel shell. The core and shell 
are driven to the required depth 
by means of a pile driver. The 
core is so constructed that when 
the driving is finished, it is col- 
lapsed and withdrawn, leaving 
the shell in the ground, which 
acts as a mold for the concrete. 
When the core is withdrawn, the 
shell is filled with concrete, which 
is tamped during the filling proc- 
ess. These piles are usually 18 
to 20 inches in diameter at the 
top, and 6 to 8 inches at the 
point. When it is desirable, the 
pile can be made larger at the 
small end. The sheet steel used 
for these piles is usually No. 20 
gage. When it is desirable to 
reinforce these piles, the bars are 
inserted in the shell after the 



Fig. 53. Raymond Concrete Pile 


core has been withdrawn and before the concrete is placed. 

Simplex Concrete Pile. The different methods for producing 
the Simplex pile cover the twm general classifications of concrete 
piles — namely, those molded in place, and those molded above 
ground and driven with a pile driver. Fig. 54 shows the standard 
methods of producing the Simplex pile; A shows a cast-iron point 



alligator-point driving form. The only difference between the two 
forms shown in this figure is that the alligator point is withdrawn 
and the cast-iron point remains in the ground. The concrete in 
either type is compacted by its own weight. As the form is removed, 
the concrete comes in contact with the soil and is bonded with it. 
A danger in using this type of pile is that, if a stream of water is 
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Fig. 54. Standard Simplex Concrete Piles 


encountered, the cement may be washed out of the concrete before 
it has a chance to set. 

A shell pile and a molded and driven pile are also produced by 
the same company which manufactures the Simplex, and are recom- 
mended for use under certain conditions. Any of these types of 
piles can be reinforced with steel. This company has driven piles 
20 inches in diameter and 75 feet long. 

Steel-Shelled, Concrete Piles. In excavating for the foundation 
of a 16-story building at 14th Street and 5th Avenue, New York, a 



below the bottom of the general excavation. A wall column of the 
building to be constructed was located at this point, with its center 
only 15 inches from the party line. The estimated load to be sup- 
ported by this column was about 500 tons. It was finally decided 
to adopt steel piles which would afford the required carrying capacity 
in a small, compact cluster, and would transfer the load, as well as 
the other foundations, to the solid rock. These piles, 5 in number, 
were driven very close to an existing wall and without endangering 
it. Each pile was about 15 feet long, and was made with an outer 
shell consisting of a steel pipe, f inch thick and 12 inches inside 
diameter, filled with Portland-cement concrete, reinforced with 
four vertical steel bars, 2 inches in diameter. This gave a total 
cross-sectional area of 27.2 square inches of steel, with an allowed 
load of 6,000 pounds per square inch, and 100.5 square inches of 
concrete on which a unit stress of 500 pounds was allowed. This 
utilizes the bearing strength of the external shell, and enables the 
concrete filling to be loaded to the maximum permitted by the New 
York Building Laws. The tubes and bars have an even bearing on 
hard bed rock, to which the former were sunk by the use of a special 
air hammer and an inside hydraulic jet. The upper ends of the 
steel tubes and reinforcing bars were cut off after the piles were 
driven. The work was done with care, and a direct contact was 
secured between them and the finished lower surfaces of the cast- 
iron caps, without the intervention of steel shims.* 

Cushing File Foundation. A combination of steel, concrete, 
and wood piles is known as the Cushing pile foundation. A cluster 
of piles is driven so that it may be surrounded by a wrought-iron 
or steel cylinder, which is placed over them, and which is sunk into 
the soil until it is below any chance of scouring action on the part 
of any current of water. The space between the piles and the 
cylinder is then surrounded with concrete. Although the piles are 
subject to decay above the water line, yet they are so thoroughly 
surrounded with concrete that the decay is probably very slow. The 
steel outer casing is likewise subject to deterioration, but the strength 
of the whole combination is but little dependent on the steel. If such 
foundations are sunk at the ends of the two trusses of a bridge, and 
are suitably cross-braced, they form a very inexpensive and yet 



effective pier for the end of a truss bridge of moderate span. The 
end of such a bridge can be connected with the shore bank by means 
of light girders, and by this means the cost of a comparatively expen- 
sive masonry abutment may be avoided. » 

CONSTRUCTION FACTORS 

Bearing Power of Piles. Pile foundations act in a variable 
combination of two methods of support. In one case the piles are 
driven into the soil to such a depth that the frictional resistance of 
the soil to further penetration of the pile is greater than any load 
which will be placed on the pile. As the soil becomes more and more 
soft, the frictional resistance furnished by the soil is less and less; 
and it then becomes necessary that the pile shall penetrate to a 
stratum of much greater density, into which it will penetrate but 
little if any. Under such conditions, the structure rests on a series 
of columns (the piles) which are supported by the hard subsoil, and 
whose action as columns is very greatly assisted by the density of 
the very soft soil through which the piles have passed. It prac- 
tically makes but little difference which of these methods of support 
exists in any particular case. The piles are driven until the resist- 
ance furnished by, each pile is as high as is desired. The resistance 
against the sinking of a pile depends on such a very large variety 
of conditions, that attempts to develop a formula for that resistance, 
based on a theoretical computation taking in all these various fac- 
tors, are practically useless. There are so many elements of the 
total resistance, which are so large and also so very uncertain, that 
they entirely overshadow the few elements which can be precisely 
calculated. Most formulas for pile driving are based on the general 
proposition that the resistance of the pile multiplied by the distance 
which it moves during the last blow equals the weight of the hammer 
multiplied by the distance through which it falls. Expressing this 
algebraically, we have 

Rs = wh 

where R is resistance of pile; s is penetration of pile during last 
blow; w is weight of hammer; and h is height of fall of hammer. 

Practically, such a formula is considerably modified, owing to 
the fact that the resistance of a pile, or its penetration for any blow. 



depends considerably on the time which has elapsed since the previous 
blow. This practically means that it is far easier to drive the pile 
when the blows are delivered very rapidly; and also that when a 
pause is made in the driving, for a few minutes or for an hour, the 
penetration is very much less (and the apparent resistance very 
much greater), on account of the earth settling around the pile during 
the interval. The most commonly used formula for pile driving is 
known as the Engineering Neics formula, which, when used for 
ordinary hammer-driving, is 

5-1- 1 

This formula is fundamentally the same as the above formula, except 
that R is safe load, in pounds; s is penetration per blow in inches; 
w is weight of hammer in pounds; and h is height of fall of hammer 
in feet. 

Ill the above equation, w is considered a free-falling hammer 
(not retarded by hammer rope) striking a pile having a sound head. 
If a friction-clutch driver is used, so that the hammer is retarded by 
the rope attached to it, the penetration of the pile is commonly 
assumed to be just one-half what it would have been had no rope 
been attached, that is, had it been free-falling. 

Also, the quantity s is arbitrarily increased by 1, to allow for the 
influence of the settling of the earth during ordinary hammer pile 
driving, and a factor of safety of 6 for safe load has been used. In 
spite of the extreme simplicity of this formula compared with that 
of others which have attempted to allow for all possible modifying 
causes, this formula has been found to give very good results. When 
computing the bearing power of a pile, the penetration of the pile 
during the last blow is determined by averaging the total penetration 
during the last five blows. 

The pile-driving specifications adopted by the American llail- 
way Engineering Association, require that; 

All piles shall be driven to a firm bearing satisfactory to the Engineer, 
or until five blows of a hammer weighing 3,000 pounds, falling 15 feet (or a 
hammer and fall producing the same mechanical effect), are required to drive 
a pile one-half (i) inch per blow, except- in soft bottom, when special instruo- 



inis IS equivalent xo saying (^applying xne J^lng^ne(^rmg lyews 
formula) that the piles must have a bearing power of 60,000 pounds. 


Examples. 1. The total penetration during the last five blows was 
14 inches for a pile driven with a 3,000-pound hammer. During these blows the 
average drop of the hammer was 24 feet. How much is the safe load? 


2 w h 
s+ 1 


2 X 3,000 X 24 144,000 
(J X 14) + 1 3.8 


= 37,895 pounds 


2. It is required, if possible, to drive piles with a 3,000-pound ha mm er 
until the indicated resistance is 70,000 pounds. What should be the average 
penetration during the last five blows when the fall is 25 feet? 

2wh 2 X 3,000 X 25 150,000 

S+1 S-l-1 S-bl 


150.000 

70.000 


— 1=2. 14 — 1 =1.14 inches 


The last problem suggests a possible impracticability, for it 
may readily happen that when the pile has been driven to its full 
length its indicated resistance is still far less than that desired. In 
some cases, such piles would merely be left as they are, and addi- 
tional piles would be driven beside them, in the endeavor to obtain 
as much total resistance over the whole foundation as is desired. 

The above formula applies only to the drop-hammer method of 
driving piles, in which a weight of 2,500 to 3,000 pounds is raised 
and dropped on the pile. 

^^Ten the steam pile driver is used, the blows are very rapid, 
about 55 to 65 per minute. On account of this rapidity the soil does 
not have time to settle between the successive blows, and the pene- 
tration of the pile is much more rapid, while of course the resistance 
after the driving is finished is just as great as is secured by any other 
method. On this account, the above formula is modified so that the 
arbitrary quantity added to s is changed from one to 0.1, and the 
formula becomes 

2 w k 

^“7+oT 



Methods of Driving Piles. There are three general methods of 
driving piles — namely, by using (1) a falling weight; (2) the erosive 
action of a water jet; or (3) the force of an explosive. The third 
method is not often employed, and will not be further discussed. 
In constructing foundations for small highway bridges, well-augers 



rammed around them. 

Drop-Hammer Pile Driver. This method of driving piles con- 
sists in raising a hammer made of cast iron, and weighing 2,500 
to 3,000 pounds, to a height of 10 to 30 feet, and then allowing it 
to fall freely on the head of the pile. The weight is hoisted by 
means of a hoisting engine, or sometimes by horses. 'V\Tien an 
engine is used for the hoisting, the winding drum is sometimes merely 
released, and the weight in falling drags the rope and turns the hoist- 
ing drum as it falls. This reduces the effectiveness of the blow, and 
lowers the value of s in the formula given, as already mentioned. 
To guide the hammer in falling, a frame, consisting of two uprights 
called leaders, about 2 feet apart, is erected. The uprights are 
usually wood beams, and are from 10 to 60 feet long. Such a 
simple method of pile driving, however, has the disadvantage, not 
only that the blows are infrequent — ^not more than 20 or even 10 per 
minute — but also that the effectiveness of the blows is reduced on 
account of the settling of the earth around the piles between the 
successive blows. On this account, a form of pile driver known as 
the steam pile driver is much more effective and economical, even 
though the initial cost is considerably greater. 

Steam-Hammer Pile Driver. The steam pile driver is essen- 
tially a hammer which is attached directly to a piston in a steam 
cylinder. The hammer weighs about 4,000 pounds, is raised by 
steam to the full height of the cylinder, which is about 40 inches, 
and is then allowed to fall freely. Although the height of fall is far 
less than that of the ordinary pile driver, the weight of the hammer 
is about double, and the blows are very rapid (about 50 to 65 per 
minute). As before stated, on account of this rapidity, the soil does 
not have time to settle between blows, and the penetration of the 
pile is much more rapid, while, of course, the ultimate resistance, 
after the driving is finished, is just as great as that secured by any 
other method. 

Driving Piles with Water Jet. When piles are driven in a situ- 
ation where a suflScient supply of water is available, their resistance 
during driving may be very materially reduced by attaching a pipe 
to the side of the pile and forcing water through the pipe by means 
of a pump. The water softens and scours out the soil immediately 



underneath the pile, and enables the pile to settle in the hole easily. 
The water returns to the surface along the sides of the pile and 
assists in reducing the frictional resistance.^ In very soft soils, and 
in sand, piles may thus be jetted by merely weighting them with 
a few hundred pounds while the force pump is in action. When the 
pile is practically down to the depth to which it is to be jetted, it 
should be struck a few blows with a light hammer to settle it firmly 
in the bottom of the hole. Of course, the only method of testing 
such resistance of the pile is by actually loading a considerable 
weight upon it. This method of using a water jet is chiefly applica- 
ble in structures which are on the banks of streams or large bodies 
of water. 

Splicing Piles. On account of the comparatively slight resist- 
ance offered by piles in swampy places, it sometimes becomes neces- 
sary to splice two piles together. The splice is often made by 
cutting the ends of the piles perfectly square so as to make a good 
butt joint. A hole 2 inches in diameter and 12 inches deep is bored 
in each of the butting ends, and a dowel pin 23 inches long is driven 
in the hole bored in the first pile; the second pile is then fitted on the 
first one. The sides of the piles are then flattened, and four 2- by 4- 
inch planks, 4 to 6 feet long, are securely spiked on the flattened 
sides of the piles. Such a joint is weak at its best, and the power of 
lateral resistance of a joint pile is less than would be expected from a 
single stick of equal length. Nevertheless, such an arrangement is 
in some cases the only solution. 

Pile Caps. One practical trouble in driving piles, especially 
those made of soft wood, is that the end of the pile will become 
crushed or broomed by the action of the heavy hammer. Unless this 
crushed material is trimmed off the head of the pile, the effect of the 
hammer is largely lost in striking this cushioned head. This crushed 
portion of the top of a pile should always be cut off just before the 
test blows are made to determine the resistance of the pile, since 
the resistance of a pile indicated by blows upon it, if its end is 
broomed, will apparently be far greater than the actual resistance of 
the pile. 

The steam pile driver does not produce such an amount of 
brooming as is caused b}^ the ordinary pile driver and this is another 
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head of the pile, it shows either that the fall is too great or that the 
pile has already been driven to its limit. Whenever the pile refuses 
to penetrate appreciably for each blow, it is useless to drive it any 
farther, since added blows can only have the effect of crushing the 
pile and rendering it useless. It has frequently been discovered 
that piles which have been hammered after they had been driven 
to their limit have become broken and crushed, perhaps several 
feet underground. In such cases, their supporting power is very 
much reduced. 

Usually about two inches of the head is chamfered off to prevent 
this bruising and splitting in driving the pile. A steel band, 2 to 3 
inches wide and -I to 1 inch thick, is often hooped over the head of 
the pile to assist in keeping it from splitting. These devices have 
led to the use of a cast-iron cap for the protection of the head of the 
pile. The cap is made with two tapering recesses, one to fit on the 
chamfered head of the pile, while in the other is placed a piece of 
hard wood, on which the hammer falls. 

Sawing Off the Piles. When the piles have been driven, they 
are sawed off to bring the tops of them to the same elevation, that 
they may have an even bearing surface. When the tops of the piles 
are above water, this sawing is usually done by hand; and when 
under water, by machinery. The usual method of cutting piles off 
under water is by means of a circular saw on a vertical shaft, which is 
supported on a special frame, the saw being operated by the engine 
used in driving the piles. 

Finishing the Foundations. A pile supports a load coming on 
an area of the foundation which is approximately proportional to 
the spacing between the piles. This area, of course, is several times 
the area of the top of the ‘pile. It is therefore necessary to cap at 
least a group of the piles with a platform or grillage which not only 
will support any portion of the load located between the piles, but 
which also will tend to prevent a concentration of load on one pile. 
When the heads of the piles are above water, a layer of concrete is 
usually placed over them, the concrete resting on the ground between 



The piles are thus firmly anchored together at their tops. When 
reinforced-concrete structures are supported on piles or other con- 
centrated points of support, the heads of the piles are usually con- 
nected by reinforced-concrete beams, which will be described in 
Part III. Sometimes a platform of heavy timbers is constructed 
on top of the piles, to assist in distributing the load; and in this case 
the concrete is placed on the platform, as shown in Idg. bb. 

When the heads of the piles are under water, it is always nec('s- 
sary to construct a grillage of heavy timber and float it into ])lac(', 
unless a cofferdam is constructed and the water pumped out, in 
which case the foundation can be completed as alrc'ady di'scrilx'd. 
The timbers used to cap the piles in constructing a grillage are usually 



Fig. 55. Concrete Foundation on Wood Pile.? 



Fig. 5(). Tinilnu' FoundiU-ion on Wooil I’iliw 


about 12 by 12 inches, and are fastened to the head of each pile by a 
driftbolt a plain bar of steel. A hole is bored in the cap and into 
the head of the pile, in which the driftbolt is driven. Tlie section of 
the driftbolt is always larger than the hole into which it is to hv. 
driven; that is, if a 1-inch round driftbolt is to be used, a J-inch 
auger would be used to bore the hole. The transverse timbers of 
the grillage are driftbolted to the caps. 

Advantage of Concrete and Reinforced=Concrete Piles. A re- 
inforced-concrete pile foundation does not materially differ in con- 
struction from a timber pile foundation. The piles arc driven and 
capped, in the usual manner, with concrete ready for the super- 
structure. In comparing this type of niles with tilnl.or el 
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and the disadvantage of being more expensive in first cost. Some- 
times their use will effect a saving in the total cost of the foundation 
by obviating the necessity of cutting the piles off below the water 
line. The depth of the excavation and the volume of masonry may 
be greatly reduced, as shown in Fig. 57. In this figure is shown a 
comparison of the relative amount of excavation which would be 
necessary, and also of the concrete which would be required for the 
piles, thus indicating the economy which is possible in the items of 
excavation and concrete. There is also shown a possible economy 
in the number of piles required, since concrete piles can readily be 



made of any desired diameter, while there is a practical limitation to 
the diameter of wood piles. Therefore a less number of concrete 
piles will furnish the same resistance as a larger number of wood 
piles. In Fig. 57 it is assumed that the three concrete piles not only 
take the place of the four wood piles in the width of the foundation, 
but there will also be a corresponding reduction in the number of 
piles in a direction perpendicular to the section shown. The extent 
of these advantages depends very greatly on the level of the ground- 
water line. When this level is considerably below the surface of 
the ground, the excavation and the amount of concrete required, in 
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always below the water line, will be correspondingly great, and the 
possible economy of concrete piles will also be correspondingly 


great. 

The pile and cap being of the same material, they readily bond 
together and form a monolithic structure. The caj^ping should be 
thoroughly reinforced with steel. Reinforced-concrete piles cjin be 
driven in almost any soil that a timber pile can penetrate, and they 
are driven in the same manner as the timber piles. A combination 
of the hammer and water jet has been found to be the most success- 



ful manner of driving them. The 
hammer should be heavy and 
drop a short distance with rapid 
blow's, rather than a liglit ham- 
mer dropping a greater distance. 
For protection wdiile being driven, 
a hollow' cast-iron caj) filled with 
sand is placed on the head of tlie 
pile. The cap showni in I'dg. bS 
has been used successfully in 
driving conerete ])il{'s. A ham- 
mer w'eighing 2,500 i)ounds w'as 
dropped 25 feet, 20 to 00 tinu's 
per minute, without injury to the 
head. 

Loading for Piles. The spac- 
ing for w'ood piles is generally MO 
inches on centers. The loading 
of wood piles, with 12-inch 
butts, driven through Avet, loose 


soil to a good bearing, is taken usually at 10 to 12 tons per j)ile. 
"When driven through a firm soil the loading may be increased to 

15 to 20 tons. Under the same conditions of soil, conerete jhles 

16 inches in diameter at the top and tanerina’ to S or 10 inclu's at 



with the wood pile is worth considering. In general, the require- 
ments of the work to be done should be carefully noted before the 
type of pile is selected. 

The cost of wood piles varies, depending on the size and length 
of the piles, and on the section of the country in which the piles are 
bought. Usually piles can be bought of lumber dealers at 10 to 
20 cents per linear foot for all ordinary lengths; but very long piles 
will cost more. The cost of driving piles is variable, ranging from 
2 or 3 cents to 12 or 15 cents per linear foot. A great many piles 
have been driven for w^hich the contract price ranged from 20 cents 
to 30 cents per linear foot of pile driven. The length of the pile 
driven is the full length of the pile left in the work after cutting it 
off at the level desired for the cap. 

The contract price for concrete piles about 16 inches in diameter 
and 25 to 30 feet long is approximately SI. 00 per linear foot. When 
a price of SI .00 per linear foot is given for a pile of this size and length, 
the price will generally be somewhat reduced for a longer pile of the 
same diameter. Concrete piles have been driven for 70 cents per 
linear foot, and perhaps less; and again, they have cost much more 
than the approximate price of $1.00 per linear foot. 

Piles for the Charles River Dam. The first piles driven for the 
Cambridge, Massachusetts, conduit of the Charles River dam were 
on the Cambridge shore. On January 1, 1907, 9,969 piles had been 
driven in the Boston and Cambridge cofferdams, amounting to 
297,000 linear feet. Under the lock, the average length of the piles, 
after being cut off, was 29 feet; and under the sluices, 31 feet 4 inches. 
The specifications called for piles to be winter-cut from straight, live 
trees, not less than 10 inches in diameter at the butt when cut off in 
the work, and not less than 6 inches in diameter at the small end. 
The safe load assumed for the lock foundations was 12 tons per pile, 
and for the sluices 7 tons per pile. 

The Engineering News formula was used in determining the 
bearing power of the piles. The piles under the lock walls were 
driven very close together; and, as a result, many of them rose dur- 
ing the driving of adjacent piles, and it was necessary to re-drive 
these piles.* 
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length, single sticks. Toward the inner end of the breakwater, 
lengths of 100 to 110 feet were required. Single sticks of this 
length could not be secured, and it was therefore necessary to resort 
to splicing. After a trial of several methods, it was found that a 
splice made by means of a 10-inch wrought-iron pipe was most 

satisfactory. When the top 
of the first pile had been 
driven to within three feet 
of the water, it was trimmed 
down to 10 inches in diam- 
eter, On this end was 
placed a piece of 10-inch 
wrought-iron pipe 10 inches 
long. The lower end of the 
top pile was trimmed the 
same as the top of the first 
pile, and, when raised by 
the leads, was fitted into 
the pipe and driven until 
the required penetration 
was reached. The piles were cut off 4y feet below the surface of 
the water, by a circular saw mounted on a vertical shaft.* 



Fig. 59. Section of New Sea Wall, Annapolis, Maryland 


COFFERDAMS, CRIBS, AND CAISSONS 
Cofferdams. Foundations are frequently constructed through 
shallow bodies of water by means of cofferdams. These are essen- 
tially walls of clay confined between wood frames, the walls being 
sufficiently impervious to water so that all water and mud within 
the walled space may be pumped out and the soil excavated to the 
desired depth. It is seldom expected that a cofferdam can be con- 
structed which will be so impervious to water that no pumping will 
be required to keep it clear; but when a cofferdam can be kept clear 
with a moderate amount of pumping, the advantages are so great 


*Proceedings of the Engineers’ Club of Philadelphia, Vol. XXIII, No. 3. 


depth, say 5 to 10 feet, into which sheet piling may be driven. 
The sheet piles are driven as closely together as possible. The 
bottom of each pile, when made of wood, is beveled so as to form a 
wedge which tends to force it against the pile previously driven. 
Fig. 50. In this way a fairly tight joint between adjacent piles 
is obtained. Larger piles, a, Fig. 60, made of squared timber, are 
first driven to act as guide piles i 
These are connected by waling 
strips, h, Fig. 60, which are bolted 
to the guide piles and which serve 
as guides for the sheet piling, c, 

Fig. 60. The space between the 
two rows of sheet piling is filled 
with puddle, which ordinarily con- 
sists chiefly of clay. It is found 
that if the puddling material con- 
tains some gravel, there is less 
danger that a serious leak will 
form and enlarge. Numerous cross 
braces or tie-rods, d, Fig. 60, must 
be used to prevent the walls of 
sheet piling from spreading when 
the puddle is being packed between 
them. The width of the puddle 
wall is usually made to vary 
between three feet and ten feet, 

depending upon the depth of the Jd Cro» se.ita ,f • 

water. When the sheet piling CoCferdam 

obtains a firm footing in the subsoil, it is comparatively easy to 
make the cofferdam water-tight; but when the soil is very porous 
so that the water soaks up from under the lower edge of the coffer- 
dam, or when, on the other hand, the cofferdam is to be placed on 
a bare ledge of rock, or when the rock has only a thin layer of soil 
over it, it becomes exceedingly difficult to obtain a water-tight joint 
at the bottom of the dam. Excessive leakage is sometimes reduced 
by a layer of canvas or tarpaulin which is placed around the outside 



of the base of the cofferdanij and which is held in place by stones 
laid on top of it. Brush, straw, and similar fibrous materials are 
used in connection with earth for stopping the cracks on the outside 
of the dam, and are usually effective, provided they are not washed 
away by a swift current. 

Although cofferdams can readily be used at depths of 10 feet, 
and have been used in some cases at considerably greater depth, 
the difficulty of preventing leakage, on account of the great water 
pressure at the greater depths, usually renders some other method 
preferable wffien the depth is much, if any, greater than 10 feet. 

Cribs. A crib is essentially a framework (called a hird-cage by 
the English) which is made of timber, and which is filled with stone 
to weight it down. Such a construction is used only when the 
entire timber work will be perpetually under water. The timber 
framework must, of course, be so designed that it will safely support 
the entire weight of the structure placed upon it. The use of such a 
crib necessarily implies that the subsoil on which the crib is to rest 
is sufficiently dense and firm to withstand the pressure of the crib 
and its load without perceptible yielding. It is also necessary for 
the subsoil to be leveled off so that the crib itself shall be not only 
level but also shall be so uniformly supported that it is not sub- 
jected to transverse stresses which might cripple it. This is some- 
times done by dredging the site until the subsoil is level and suffi- 
ciently firm. Some of this dredging may be avoided through leveling 
up low spots by depositing loose stones which will imbed themselves 
in the soil and furnish a fairly firm subsoil. Although such methods 
may be tolerated when the maximum unit loading is not great — 
as for a breakwater or a wharf — it is seldom that a satisfactory 
foundation can be thus obtained for heavy bridge piers and similar 
structures. 

Caissons. Open Type. A caisson is literally a box; and an open 
caisson is virtually a huge box which is built on shore and launched 
in very much the same way as a vessel, and which is sunk on the site 
of the proposed pier, Eig. 61. The box is made somewhat larger 
than the proposed pier, which is started on the bottom of the box. 
The sinking of the box is usually accomplished by the building of 
the pier inside of the box, the w'eight of the pier lowering it until it 
reaches the bed prepared for it on the subsoil. The preparation of 



this bed involves the same dijOGiculties and the same objections as 
those already referred to in the adoption of cribs. The bottom of 
the box is essentially a large platform made of heavy timbers and 
planking. The sides of the caissons have sometimes been made so 
that they are merely tied to the bottom by means of numerous tie- 
rods extending from the top down to the extended platform at the 
bottom, where they are hooked into large iron rings. Wlien the pier 
is complete above the water line so that the caisson is no longer 
needed, the tie-rods may be loosened by unscrewing nuts at the top. 



The rods may then be unhooked, and nearly all the timber in the 
sides of the caisson wall be loosened and may be recovered. 

Holloio-Crih Type, The foundation for a pier is sometimes 
made in the form of a box with walls several feet in thickness, but 
with a large opening or well through the center. Such piers may be 
sunk in situations where there is a soft soil of considerable depth 
. through which the pier must pass before it can reach the firm sub- 
soil. In such a case, the crib or caisson, which is usually made of . 
.timber, may be built on shore and towed to the site of the proposed 
pier. The masonry work may be immediately started; and as the 
pier sinks into the mud, the masonry work is added so that it is 
always considerably above the water line, Fig. 62, The deeper the 
pier sinks, the greater will be the resistance of the subsoil, until, 
finally, the weight of the uncompleted pier is of itself insufiicient to 
cause it to sink further. At this stage, or even earlier, dredging 
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Fig. 62. Hollow Crib Material 


well. The removal of the 
earth from the center of the 
subsoil on which the pier is 
resting will cause the mud 
and soft soil to flow toward 
the center, where it is within 
reach of the dredge. The 
pressure of the pier accom- 
plishes this. The deeper the 
pier sinks, the greater is its 
weight and the greater its 
pressure on the , subsoil, 
although this is somewhat 
counteracted by the con- 
stantly increasing friction 
of the soil around the out- 
side of the pier. Finally, 
the pier will reach such a 
depth, and the subsoil will 
be so firm, that even the 
pressure of the pier is not 
sufficient to force any more 
loose soil toward the central 
well . The interior well may 
then be filled solidly with 
concrete, and thus the entire 
area of the base of the pier 
is resting on the subsoil, 
and the unit pressure is 
probably reduced to a safe 
figure for the subsoil at that 
depth. 

This principle was adopt- 
ed in the Hawkesbury bridge 
in Australia, which was sunk 
to a depth of 185 feet below 
high water— -a depth which 



would have been impracticable for the pneumatic caisson method 
described later. In this case, the caissons were made of iron, ellip- 
tical in shape, and about 48 feet by 20 feet. There were three tubes 
8 feet in diameter through each caisson. At the bottom, these 
tubes flared out in bell-shaped extensions which formed sharp cutting 
edges with the outside line of the caisson. These bell-mouthed 
extensions thus forced the soil toward the center of the wells until 
the material was within reach of the dredging buckets. 

This method of dredging through an opening is very readily 
applicable to the sinking of a comparatively small iron cylinder. As 
it sinks, new sections of the cylinder can be added ; while the dredge, 
working through the cylinder, readily removes the earth until the 
subsoil becomes so firm that the dredge will not readily excavate it. 
Under such conditions the subsoil is firm enough for a foundation, 
and it is then only necessary to fill the cylinder with concrete to 
obtain a solid pier on a good and firm foundation. 

One practical difficulty which applies to all of these methods of 
sinking cribs and caissons is the fact that the action of a heavy 
current in a river, or the meeting of some large obstruction, such as 
a boulder or large sunken log, may deflect the pier somewhat out of 
its intended position. When such a deflection takes place, it is 
difficult, if not impossible, to force the pier back to its intended 
position. It therefore becomes necessary to make the pier some- 
what larger than the strict requirements of the superstructure would 
demand, in order that the superstructure may have its intended 
alignment, even though the pier is six inches or even a foot out 
of its intended position. 

Pneumatic Type. A pneumatic caisson is essentially a large 
inverted box on which a pier is built, and inside of which work may 
be done because the water is forced out of the box by compressed 
air. If an inverted tumbler is forced down into a bowl of water, 
the large air space within the tumbler gives some idea of the possi- 
bilities of working within the caisson. If the tumbler is forced to 
the bottom of the bowl, the possibilities of working on a river bottom 
are somewhat exemplified. It is, of course, necessary to have a 
means of communication between this working chamber and the 
surface; and it is likewise necessary to have an air lock through 
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The process of sinking resembles^ in many points, that described 
for the previous type. The caisson is built on shore, is launched, 
and is towed to its position. Sometimes, for the sake of economy, 
provided timber is cheap, that portion of the pier from the top of 
the working chamber to within a few feet below the low-water line 
may be built as a timber crib and filled with loose stone or gravel 
merely to weight it down. This method is usually cheaper than 
masonry; and the timber, being always under water, is durable. As 
in the previous instance, the caisson sinks as the material is removed 



from the base, the sinking being assisted by the additional weight 
on the top. The only essential difference between the two processes 
consists in the method of removing the material from under the 
caisson. The greatest depth to which such a caisson has ever been 



in such an air pressure, and even then four hours’ work per day, in 
two shifts of two hours each, is considered a good day’s w^ork at these 
depths. The workmen are liable to a form of paralysis which is 
called caisson disease, and which, especially in those of weak con- 
stitution or intemperate habits, will result in partial or permanent 
disablement and even death. 

In Fig. 63 is shown an outline, with but few details, of the 
pneumatic caisson used for a large bridge over the Missouri River 
near Blair, Nebraska. The caisson was constructed entirely of 
timber, which was framed in a fashion somewhat similar to that 
shown in greater detail in Fig. 62. The soil was very soft, consisting 
chiefly of sand and mud, which was raised to the surface by the 
operation of mud pumps that would force a stream of liquid mud 
and sand through the smaller pipes, which are shown passing through 
the pier. The larger pipes near each side of the pier were kept 
closed during the process of sinking the caisson and were opened 
only after the pier had been sunk to the bottom and the working 
chamber was being filled wfith concrete, as described below. These 
extra openings facilitated the fill- 
ing of the working chamber with 
concrete. Near the center of the 
pier is an air lock with the shafts 
extending down to the working 
chamber and up to the surface. 

The structure of the caisson was 
considerably stiffened by the use 
of three trusses in order to resist 
any tendency of the caisson to 
collapse. 

A caisson is necessarily constructed in a very rigid manner, the 
timbers being generally 12- by 12-inch and laid crosswise in alternate 
layers, which are thoroughly interlocked. An irregularity in the 
settling may often be counteracted by increasing the rate of excava- 
tion under one side or the other of the caisson, so that the caisson 
will be guided in its descent in that direction. 

A great economy in the operation of the compressed-air locks is 
afforded by combining the pneumatic process with the open-well 
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caisson. A draft tube which is as low as the cutting edge of tlic 
caisson prevents a blow-out of air into the central well. I ho iiiatc- 
rial dug by the workmen in the caisson is thrown loosely into the 
central well or sump, from which it is promptly raised by the drculg- 
ing machinery, Fig. 64. By the adoption of this plan, the air lock 
needs to be used only for the entrance and exit of t|ic workmen to 
and from the working chamber. 

When the caisson has sunk to a satisfactory subsoil, and the 
bottom has been satisfactorily cleaned and leveled oil, the working 
chamber is at once filled with concrete. As soon as sullicient con- 
crete has been placed to seal the chamber eflectivcly again, st the 
entrance of water, the air locks may be removed, and then the com- 
pletion of the filling of the chamber and of the central shaft is merely 
open-air work. 

RETAINING WALLS 

A retaining wall is a wall built to sustain the lateral pressure of 
earth. The pressure that will be exerted on the wall will depend 
on the kind of material to be supported, the manner of placing it, 
and the amount of moisture that it contains. Earth and most 
other granular masses possess some frictional stability. lioose soil 
or a hydraulic pressure will exert a full pressure; but a compacted 
earth, such as clay, may exert only a small pressure due to the 
cohesion in the materials. This cohesion cannot be depended upon 
to relieve the pressure against a wall, for the cohesion may be 
destroyed by vibration due to moving loads or to saturation. In 
designing a wall the pressure due to a granular mass or a semifluid 
without cohesion must always be considered. 

Causes of Failure of Walls. There are three ways in which 
a masonry wall may fail: (1) by sliding along a horizontal plane; 
(2) by overturning or rotating; (3) by crushing of the masonry or 
its footing. These are the three points that must be- considered in 
order to design a wall that will be successful in resisting an embank- 
ment. A wall, therefore, must be of sufficient size and weight to 
prevent the occurrence of sliding, rotation, or crushing. 

Stability of Wall Against Sliding. Stability against sliding is 



joint. A movement will occur when E equal s/TF, where / is the coeffi- 
cient of friction. Let n be a number greater than unity, the factor 
of safety, then in order that there be no movement n must be suffi- 
ciently large so that n E equals / W. A common value for n is 2, 
but sometimes it is taken as low as IL Substituting 2 for n, 

2E=fW 


( 6 ) 

/ 

Average values of the coefficients of friction of masonry on 
masonry is 0.65; for masonry on dry clay, 0.50; for masonry on wet 
clay, 0.33; masonry on gravel, 0.60; masonry on wood, 0.50. 

Stability Against Rotation. The stability against rotation of a 
wall is secured by making the wall of such dimension and weight 
that the resultant R of the external forces 
will pass through the base and well within 
the base, as shown in Fig. 65. Generally, 
in designing, the resultant is made to come 
within or at the edge of the middle third. 

The nearer the center of the base the 
resultant comes, the more evenly the pres- 
sure will be distributed over the foundation 
for the wall. When J? passes through A, 

Fig. 65, the wall will fail by rotation. Meth- 
ods for finding R will be demonstrated in 
another paragraph. 

Stability Against Crushing. The compressive unit stresses in 
walls must not be greater than the unit stresses permitted for safe 
working loads of masonry (see pages 13, 54, Part I), when the wall is 
built on a stone foundation ; but when it is built on clay, sand, or gravel 
the allowable pressure for such foundations must not be exceeded. 

Foundations. The foundations for a retaining wall must be 
below the frost line, which is about three feet below the surface in 
a temperate climate, and deeper in a cold climate. The foundation 
should be of such a character that it will safely support the wall. 
If necessary, the soil should be tested to determine if it will safely 
support the wall. 

The foundation should always be well drained . Many failures 



a wall greatly increases the stresses in the wall. When water freezes 
behind a wall it usually causes it to bulge out, which is the first step 
in the failure of the wall. On a clay foundation the friction is greatly 
reduced by the clay becoming thoroughly soaked with water. On 
page 151 it is shown that the difference of the coefficients of friction 
of masonry on dry clay and wet clay is 0.17. There are different 
ways of draining a fill behind a retaining wall. The method shown 
in Fig. 38 for drainage often can be used. Pipes two to four inches 
in diameter are often built in the wall, as shown in Fig. 65. 

DESIGN OF WALL 

In designing a retaining wall the dimensions of the section of a 
wall are generally assumed and then the section investigated graph- 
ically to see if it is right for the conditions assumed. There are 
theoretical formulas for designing walls which will be given. In 
designing a wall, the student is advised to first make the section 
according to the formulas and investigate it graphically. 

Fill Behind Wall. The fills behind the walls are sometimes 
made horizontal with the top of the wall; at other times the fill 
is sloped back from the top of the wall, as shown in Fig. 65. When 
there is a slope to be supported, the wall is said to be surcharged, 
and the load to be supported is greater than for a horizontal fill. 

Faces of Wall. The front or face of retaining walls is usually 
built with a batter. This batter often varies from less than an inch 
per foot in height to more than an inch per foot. The rear face may 
be built either straight, with a batter, or stepped up. A wall should 
never be less than 2^ feet to 3 feet in width on top, unless the wall 
is a very small one. In that case, probably a width of 12 to 18 
inches would be sufficient for the top. 

Width of Base. The following values for the width of the - 
base of a wall are taken from Trautwine’s Handbook, and are based 
on the fill behind the wall being placed loosely, as is usually the 
case. 

Wall of cut stone or of first-class large-ranged rubble, in mortar 
.35 of its entire vertical height 
Wall of good common mortar rubble or brick 
, .4 of its- entire vertical height 

Wall of well-laid dry rubble 



retaining walls. A wall built of a 1:3:6 concrete should be equal in 
strength to a wall built of cut stone or large-ranged rubble. In heavy 
walls large stones, twenty-five to fifty per cent in volume, are often 
placed in the concrete. This, usually, greatly reduces the cost of 
the wall and does not weaken the wall if the stones are properly placed. 

Value of Study of Existing Walls. When designing a retaining 
wall, all existing walls in that vicinity should be examined to deter- 
mine their dimensions and to discover if they have been successfully 
designed. Often, existing walls will give more information to an 
engineer than he will obtain by a theoretical or graphical study. 

Pressure Behind Wall. The development of the formulas for 
finding the pressure behind a wall is a long, complicated theory, and 
the demonstration will not be given here. The formulas given are 
those usually found in textbooks. They are based on the Rankine 
theory, which considers that the earth is a granular mass with an 
assumed angle of repose of 1.5 to 1, which in degrees is 33° 42'. 
In applying this method it is immaterial whether the forces repre- 
senting the earth pressure are considered as acting directly upon 
the back of the wall, or are considered as acting on a vertical plane 
passing through the extreme back of the footing. In the latter 
case, the force representing the lateral earth pressure must be 
combined with (1) the vertical force representing the weight of the 
earth prism between the back of the|wall and the vertical plane 
considered; and (2) combined with the vertical force representing 
the weight of the wall itself. 

In the formulas for determining pressures behind a wall let E 
equal total pressure against rear face of wall on a unit length of 
wall; W equal weight of a unit volume of the earth; h equal height 
of wall; and (f) equal angle of repose. 

When the upper surface of the earth is horizontal, the equation is 

E = (7) 

Since the angle of repose for the earth behind the wall has been 
taken as 33° 42', Equation (7) may be reduced to the following form 
by substituting the value of the tangent of the angle in the equation 

Wli^ 
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When atoall must sustain a surcharge at the slo-pe of 1.5 to 1, the 
equation is 

E = i cos chWh^ (7b) 

or 

Wh^ 


E=.833 


(7c) 


The force E is applied at one-third the height of the wall, ineas- 
ured from the bottom, but for surcharged wall it is applied at one- 
third of the height of a plane that passes just behind the wall. This 
is clearly shown in the different figures illustrating retaining walls. 

The direction of the center of pressure E is assumed as being 
parallel to the top of the earth back of the wall. The angle of the 
surcharge is generally made 1.5 to 1. 



Fig. 66. Diagrams 



Showing Pressures on Foundations 


Example. What is the pressure per foot of length of a wall 18 feet high, 
earth weighing 100 pounds per cubic foot, if the fill is level with the top of the 
wall. 

Solution. Substituting in equation (7a), 


Note; When P equals the vertical component of the resultant pressure 
on the base, B is the full width of the base in feet, and Q is the distance from 
the toe to where the force P cuts the base. 


VyThen Q is equal to or greater than ^ 

O 


Pressure at the toe = (4P— 6Q) 


When Q is less than 


Pressure at the toe = 


Pressure at the heel= (6Q — 25) 

B 


JP 

52 

52 


(7d) 

(7e) 


2P 

ZQ 


(7f) 


Example. Design a retaining 
wall to support an embankment 20 feet 
high, the top of the fill being level with 
the top of the wall; the face of the wall 
to be vertical, the back to slope. 

Solution. Draw an outline of the 
proposed section, Fig. 67, and then 
investigate the section to see if it has 
sufficient strength to support the em- 
bankment. Make the base .45 of the 
height of the wall. 

Width of base = 20 feet X .45 
= 9.0 feet 

Assume the width at the top at 3 
feet, and find the pressure E at the 
back, substituting in equation (7a), and 
H 

apply that pressure at 

O 


E = .286 

= .286 
= 5,720 



2 

100 X 20' 


P is found by dividing the wall into a rectangle and a triangle and finding 
the weights and the center of gravity of each, and also that of the triangle of 



: of the wall, and then finding the combined weights and the center 
of the wall and earth. Assume that the weight of the masonry is 
s per foot and the earth 100 pounds per cubic foot, and consider 
L of wall as being one foot in length. The center of gravity of the 
3e obtained thus: 


Section 

Area 

Moment 

(Arm) 

Moment 

(Area) 

AEC D 

60.0 

1.5 

90.0 

EEC 

60.0 

5.0 

300.0 


120.0 


390.0 


•om A to center of gravity = 390 120 = 3.25 feet 

waU per lineal foot = 120 X 140 = 16,800 pounds 
loment about A = 16,800 X 3.25 = 54,600 foot-pounds 


^•avity of the earth is at one-third of the distance from the back of the 
e, or 7 . 0 feet from the face of the wall. 
f\ oc\ 

jarth per lineal foot, — ^ — X 100 = 6,000 pounds 
oment about A = 6,000 X 7 = 42,000 foot-pounds 

n of the resultant is determined by dividing the sum of the static 
its by the sum of the weights: 

54,600 -h 42,000 96,600 a. f . 

16,800 -1- 6,000 22,800 

ce the line E to meet the vertical line passing through the combined 
■avity. On this vertical line lay off the value of P, which is 22,800, 
/enient scale. At the lower end of P draw a line parallel to line E 
i line lay off the value of E, which is 5,720. Draw line a b, which 
bant of the two forces. This line cuts the base at a scaled distance 
from the toe, which is a point without the middle third of the base, 

} is less than 

o 

Jg 

; in equation (7f) for the condition when Q is less than we have 

„ , , 2 X 22,800 „ „„„ , 

Pressure at toe = 6 ^ o k ' ' ~ 6,330 pounds 

f A d, at any convenient scale, equal to 6,330 pounds and on the base 
tance equal to 3 Q = 7 . 8 feet. Through this point draw d e and scale 
Qwn from e to the base line, which is 1,000 pounds, 
camination of this section of wall shows that the pressure of the toe 
sive for an ordinary foundation, such as clay. At the heel there is 
1,000 pounds. This uplift would be overcome by the friction of 










base. The weight of the material in this problem was taken as 140 pounds 
per cubic foot. This is the weight of 1:3:6 concrete. If closely laid stone 
were used, the weight of the masonry 
per cubic foot would be increased to 
160 pounds at least. This increased 
weight would bring the resultant within 
the middle third. 

The wall will next be investigated 
for stability against sliding on its base. 

Suppose that the wall is to be built 
on dry clay. The horizontal thrust E 
is 5,720 pounds, the total weight is 
22,800 pounds, and the coefficient of 
friction of masonry on dry clay is .50. 

Substituting in equation (6), 

2 X 5,720 


22,800 = 

11,400 = 11,440 



Fig. 6S. Retaining Wall with Curved 
Cross Section 


The approximate equaUty of the equa- 
tion shows that there is a factor of two 

against sliding on such a base. On a base of wet clay the factor against sliding 
would be less than one and a quarter and it would be necessary to secure the wall 
against sliding in some way. 

Types of Walls. In Fig. 68 is shown a type of wall that has 
sometimes been used. The tendency to slide outward at the bot- 
tom, and even the tend- 


ency to overturn, is resisted 
by making the lower course 
with the joints inclined 
towards the rear. This 
method of construction 
makes the joints nearer 
perpendicular to the line of 
pressure than in a vertical 
w’all. The Aveakness of 
this type of wall is that 
water running down the 
face of it will enter the 
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Fig. 69. 


Retaining Wall for Railroad Embankment 


joints and produce an additional pressure to that of the earth. 
There is also the danger of this water freezing behind the wall and 
causing the wall to bulge out. 


It should be noted that the width of the base is nearly one-halt the 
height but that this width is only carried up a short distance. The 
back is stepped, therefore it receives the assistance of the maximum 
vertical pressure of the earth on the horizontal steps. The wall 
is anchored to the foundation by a projection below the base of 
the wall. 

BRIDGE PIERS AND ABUTMENTS 
PIERS 

Location. The outline design of a long bridge which requires 
several spans involves many considerations : 

(1) If the river is navigable, at least one deep and wide channel 
must be left for navigation. The placing of piers, the clear height 
of the spans above high water, and the general plans of all bridges 
over navigable rivers are subject to the approval of the United 
States Government. 

(2) A long bridge always requires a solution of the general 
question of few piers and long spans, or more piers and shorter spans. 
No general solution of the question is possible, since it depends on the 
required clear height of the spans above the water, on the required 
depth below the water for a suitable foundation, and on several other 
conditions (such as swift current, etc.) which would influence the 
relative cost of additional piers or longer spans. Each case must be 
decided according to its particular circumstances. 

(3) Even the general location of the line of the bridge is often 
determined by a careful comparison, not only of several plans for 
a given crossing, but even a comparison of the plans for several 
locations. 

Sizes and Shapes. The requirements for the bridge seats for 
the ends of the two spans resting on a pier are usually such that a 
pier with a top as large as thus required, and with a proper batter 
to the faces, will have all the strength necessary for the external 
forces acting on the pier. For example, the channel pier of one of 
the large railroad bridges crossing the Mississippi River was capped 
by a course of stonework 14 feet wide and 29 feet long, besides two 
semicircles with a radius of 7 feet. The footing of this pier was 
30 feet wide by 70 feet long, and the total height from subsoil to 
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top was about 170 feet. This pier, of course, was unusually large. 
For trusses of shorter span, the bridge seats are correspondingly 
smaller. The elements which aft'ect stability are so easily computed 
that it is always proper, as a matter of precaution, to test every pier 
designed to fulfil the other usual requirements, to see whether it is 
certainly safe against certain possible methods of failure. This is 
especially true when the piers are unusually high. 

The requirements for supporting the truss are, fortunately, just 
such as give the pier the most favorable formation so that it offers 
the least obstruction to the flow of the current in the river. In other 
words, since the normal condition is for a bridge to cross a river at 
right angles, the bridge piers are always comparatively long, in the 
direction of the river, and narrow in a direction perpendicular to the 
flow of the current. The rectangular shape, however, is modified 
by making both the upper and the lower ends pointed. The pointing 
of the upper end serves the double purpose of deflecting the current, 
and thus offers less resistance to the flow of the water; and it also 
deflects the floating ice and timber, so that there is less danger of the 
formation of a jam during a freshet. The lower end should also be 
pointed in order to reduce the resistance to the flow of the Avater 
The ends of the piers are sometimes made semicircular, but a better 
plan is to make them in the form of two arcs of circles which intersect 
at a point. 

Causes of Failure, The forces tending to cause a bridge pier 
to fail in a direction perpendicular to the line of the bridge include 
the action of wind on the pier itself, on the trusses, and on a train 
which may be crossing the bridge. They will also include the max- 
imum possible effect of floating ice in the river and of the current 
due to a freshet. It is not at all improbable that all of these causes 
may combine to act together simultaneously. The least favorable 
condition for resisting such an effect is that produced by the Aveight 
of the bridge, together Avith that of a train of empty cars, and the 
AV eight of the masonry of the pier aboAm any joint Avhose stability 
is in question. The effects of Avind, ice, and current Aviil tend to 
make the masonry slide on the horizontal joints. They Avill also 
increase the pressure on the subsoil on the doAvnstream end of the 
fniindfltinn of a. -nier. Thev Avill tend to crush the masonry on the 



Another possible cause of failure of a bridge pier arises from 
forces parallel with tlie length of the bridge. The stress produced 
oil a bridge by the sudden stoppage of a train thereon, combined 
with a wind pressure parallel with the length of the bridge, will tend 
to cause the pier to fail in that direction. Fig. 70. Although these 
forces are never so great as the other external forces, yet the resisting 
power of the pier in this direction is so very much less than that in 
the other direction, that the factor of safety against failure is prob- 
ably less, even if there is no actual danger under any reasonable 

values for these external forces. 

Abutment Piers. A pier is 
usually built comparatively thin 
in the direction of the line of the 
bridge, because the f irces tending 
to produce overturning in that 
direction are usually very small. 
When a series of stone arches are 
placed on piers, the thrusts of the 
two arches on each side of a 
pier nearly balance each other, and 
it is only necessary for the pier to 
be sufficiently rigid to withstand 
the effect of an eccentric loading on 
the arches; but if, by any accident 
or failure, one arch is destroyed, 
the thrust on such a pier is unbalanced and the pier will probably 
be overturned by the unbalanced thrust of the adjoining arch. 
The failure of that arch would similarly cause the failure of the 
succeeding pier and arch. On this account a very long series of 
arches usually includes an abutment pier for every fourth or fifth 
pier. An abutment pier is one which has sufficient thickness to 
withstand the thrust of an arch, even though it is not balanced 
by the thrust of an arch on the other side of the pier. Abutment 
piers are chiefly for arch bridges; but all piers should have sufficient 
rigidity in the direction of the line of the bridge so that any possible 
thrust which may come from the action of a truss of the bridge may 
be resisted, even if there is no counterbalancing thrust from an 



Fig. 70. Bridge Pier 



ABUTMENTS 


Requirements of Design. The term abutment usually implies 
not only a support for the bridge, but also what is virtually a retain- 
ing wall for the bank behind it. In the case of an arch bridge, the 
thrust of the arch is invariably 
so great that there is never 
any chance that the pressure of 
the earth behind the abutment 
will throw the abutment over, 
and therefore the abutment 



never needs to be designed as 
a retaining wall in this case; 
but when the abutment sup- 
ports a truss bridge which 
does not transmit any horizontal 
thrust through the bridge, the 



abutment must be designed as a retaining wall. The conditions 


of stability for such structures have already been discussed. This 


principle of the retaining wall 
is especially applicable if the 
abutment consists of a perfectly 
straight wall. There are other 
forms of abutments which tend 
to prevent failure as a retaining 
wall, on account of their design. 

Abutments with Flaring 
Wing Walls. These are con- 
structed substantially as shown 
in Fig. 71. The wing walls 
make an angle of about 30® to 
45° with the face of the abut- 
ment, and the height decreases 
at such a rate that it will just 
catch the embankment formed 
behind it, the slopes of the em- 



Fig. 72. U-Shaped Abutment 


bankment probably being at the rate of 1.5 : 1. If the bonding of 


the wing walls, and especially the bonding at the j unction of the 


wing walls will act virtually as counterforts and will materially 
assist in resisting the overturning tendency of the earth. The 
assistance given by these wing walls will be much greater as the 
angle between the wing walls and the face becomes larger. . 

U=Shaped Abutments. These consist of a head wall and two 
walls which run back perpendicular to the head wall, Fig. 72. 
This form of wall is occasionally used, but the occasions are rare 
when such a shape is necessary or desirable. 

T=Shaped Abutments. As the name implies, these consist of 
a head wall which has a core wall extending perpendicularly back 
from the center. The core wall serves to tie the head wall and 
prevent its overturning. Of course such an effect can be produced 
only by the adoption of great care in the construction of the wall, so 
that the bonding is very perfect and so that the wall has very con- 
siderable tensile strength; otherwise the core wall could not resist 
the overturning tendency of the earth pressure against the rear 
face of the abutment. 


CULVERTS 

The term culvert is usually applied to a small waterway which 
passes under an embankment of a railroad or a highway. The term 
is confined to waterways which are so small that standard plans are 
prepared which depend only on the assumed area of waterway that 
is required. Although the term is sometimes applied to arches 
having a span of 10 or 15 feet, or even more, the fact that the struc- 
tures are built according to standard plans justifies the use of the 
term culvert as distinguished from a structure crossing some peren- 
nial stream where a special design for the location is made. The 
term culvert, therefore, includes the drainage openings which may be 
needed to drain the hollow on one side of an embankment, even 
though the culvert is normally dry. 

Types of Culverts. Culverts are variously made of cast iron, 
wrought iron, and tile pipe, wood, stone blocks with large cover 
plates of stone slabs, stone arches, and plain and reinforced con- 
crete; still another variety is made by building two side walls of 
stone and making a cover plate of old rails. 

Culverts made of wood should be considered as temporary, on 
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years. When wood is used, the area of the opening should be made 
much larger than that actually required, so that a more permanent 
culvert of sufficient size may be constructed inside of the wood 
culvert before it has decayed. For present purposes, the discussion 
of the subject of Culverts will be limited to those built of stone and 
concrete. 

Stone Box Culverts. The choice of stone as a material for cul- 
verts should depend on the possibility of obtaining a good quality 
of building stone in the immediate neighborhood. Frequently 
temporary trestles are used when good stone is unobtainable, with 
the idea that after the railroad is completed, it will be possible to 
transport a suitable quality of building stone from a distance and 
build the culvert under the trestle. The engineer should avoid the 
mistake of using a poor quality of building stone for the construction 
of even a culvert, simply because such a stone is readily obtainable. 
Since a culvert always implies a stream of water which will have a 
scouring action during floods, it is essential that the side walls of 
culverts should have an ample foundation, which is sunk to such a 
depth that there is no danger that it will be undermined. There are 
cases where a bed of quicksand has been encountered, and where the 
cost of excavating to a firmer soil would be very large. In such a 
case, it is generally possible to obtain a sufficient foundation by con- 
structing a platform or grillage of timber, which underlies the entire 
culvert, beneath the floor of the culvert. Of course, timber should 
not be used for the foundation, except in cases where it will always be 
underneath the level of the ground water and will therefore always 
be wet. If the soil has a character such that it will be easily scoured, 
the floor of the culvert between the side walls should be paved with 
large pebbles, so as to protect it from scouring action. At both ends 
of the culvert, there should always be built a vertical wall, which 
should run from the floor of the culvert down to a depth that will 
certainly be below any possible scouring influence, in order that 
the side walls and the flooring of the culvert cannot possibly be 
undermined. 

The above specifications apply to all forms of stone culverts, and 
even to arch culverts, and in the cases of the larger arch cul- 
verts the precautions in these respects should be correspondingly 



which are from 2 to 4 feet apart, they arc sometimes eapp(‘(l with 
large flagstones covering the span between the walls. Tlu' thickness 
of the cover stone is sometimes determined by an assumption as to 
the transverse strength of the stone, and l)y applying tlu' ordinary 
theory of flexure. The application of this theory (k'la'iids on the 
assumption that the neutral axis for a rectangular section is at the 
center of depth of the stone, and that the modulus of elasticity' for 
tension and compression is the same. Although these assumptions 
are practically true for steel and even wood, they are far from being 
true for stone. It is therefore improper to ap])ly the. tlumry of 
flexure to stone slabs, except on the basis of moduli of ruptnn' which 
have been experimentally determined from spc'cinu'ns having sub- 
stantially the same thickness as the thickness i)roposed. Also, on 
account of the variability of the actual .strength of stoiies, though 
nominally of the same quality, a. very large factor of safety o^'er 
the supposed ultimate strength of the stone should l)e used. 

The maximum moment at the center of a slab one foot wide, 
equals ^ Wl, in which W equals the total load on the. width of one foot 
of the slab, and I equals the span of the slab, in h'ct; ])ut by tlu' ])rin- 
eiples of mechanics, this moment equals ,• Rh-, in which R ('(lualsthe 
modulus of transverse strength, in pounds ])er s(iuare. foot; and h 
equals the thickness of the stone, in feet. Placiiig these two expres- 
sions equal to each other, and solving for h, wo find : 


8 ^ R' 
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= 3 
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Example. Assume that a culvert is covered with (i fc'et of ('arih w('i}z;h- 
ing 100 pounds per cubic foot. Assume a live load on t.o]) of l.lu', (nulKinkinenl. 
equivalent to 500 pounds per square foot, in addition; or that the t.otal load 
on top of the slab is equivalent to 1,100 pounds per Hcpiani foot of .slab. A.s,sunu^ 
that the slab is to have a span I of 4 feet. Then the total load IT on a sc'.e.t iun 
of the slab one foot wide will be 1,100 X 4 or 4,400 pounds. A.sstuno that 
the stone is sandstone with an average ultimate modulus of ,52.5 pounds jx'r 
per square inch (see Table XVI), and that the safe value R is .5,5 i)o\inds per 
square inch, or 144 X 55 pounds per square foot. Substitut ing t.h(’S(; valui'S 
in the above equation for h, we find that h equals 1.29 feed., or 1.5,. 5 iiudies. 


The above problem has been worked out on the. basis of the live 
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be correspondingly decreased. It should be noted that in the above 
formula the thickness of the stone h varies as the square root of the 
span ; therefore, for a span of 3 feet (other things being the same as 


above), the thickness of the stone h equals 15.5 X 



or 13.4 inches. 


For a span of 2 feet, the thickness should be 15.5 X 




—or 11.0 inches. 
4 • 


Owing to the uncertainty of the true transverse strength of 
building stone, as has already been discussed in the design of offsets 
for footings (see pages 117, 118), no precise calculation is possible; 
and therefore many box culverts are made according to empirical 




rules, which dictate that the thickness shall be 10 inches for a 2-foot 
span, 13 inches for a 3-foot span, and 15 inches for a 4-foot span. 
These values are slightly less than those computed above. 

Although a good quality of granite, and especially of bluestone 
flagging, will stand higher transverse stresses than those given above 
for sandstone, the rough rules just quoted are more often used, and 
are, of course, safer. When it is desired to test the safety of stone 
alreaxly cut into slabs of a given thickness, their strength may be 
computed from Equation (8) , using the values for transverse stresses 
as already given in Table XVL 

DoKhle Box Culverts. A box culvert with a stone top is gen- 





course, be possible to obtain thicker stones which would safely 
carry the load over a considerably greater span. Therefore, wheti 
the required culvert area demands a greater width of opening than 4 
feet, and when this type of culvert is to be used, the culvert may be 
made as illustrated in Fig. 73, by constructing an intermediate wall 
which supports the ends of the two sets of cover stones forming the 
top. A section and elevation of a double box culvert of 3 feet span 
and a net height of 3 feet is shown in Fig. 73. The details of the 
wing walls and end walls are also shown. The double box culvert 
illustrated in Fig. 74 has tAvo spans, each of 4 feet. The stone used 



Fig. 74. Double Box Culvert. Opouings 4 by 3 Feet 


was a good quality of limestone. The cover stones were made 15 
inches thick. 

Box culverts are sometimes constructed as dry masonry — that is, 
without the use of mortar. This should never be done, except for 
very small culverts and when the stones are so large and regular that 
tliey form close, solid walls with comparatively small joints. A dry 
Avail made up of irregular stones cannot withstand the thrusts which 
are usually exerted by the subsequent expansion of the earth embank- 
ment aboA’e it. 

Plain Concrete Cvkerts. Culverts may be made of plain con- 


much the same general dimen- 
sions as those already given 
for stone box culverts. They 
have a great advantage over 
stone culverts in that they are 
essentially monoliths. If the 
side walls and top are formed 
in one single operation, the 
joint between the side walls 
and top becomes a source of 
additional strength, and the 
culverts are therefore much 
better than similar culverts 
made of stone. The formula 
developed above, Equation (8), 
for the thickness of the con- 
crete slab on top of a bos cul- 
vert may be used, together 
with the modulus of trans- 
verse strength as given for 
concrete in Table XVI. This 
formula will apply, even 
though the slab for the cover 
of the culvert is laid after the 
side walls are built, and the 
slab is considered as merely 
resting on the side walls. If 
the side walls and top are 
constructed in one operation 
so that the whole structure is 
actually a monolith, it may be 
considered that there is that 
much additional strength in the 
structure; but it would hardly 
be wise to reduce the thickness 
of the concrete slab by depend- 
ing upon the continuity be- 
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Arch Culverts. Stone arches are frequently used for culverts 
in cases where the span is not great, and in which the design of the 
culvert, except for some small details regarding the wing walls, 
depends only on the span of the culvert. The design of some arch 
culverts used on the Atchison, Topeka & Santa Fe Railway, Figs. 73 
and 75, is copied from a paper presented to the American Society of 
Civil Engineers by A. G. Allan, Assoc, hi. Am. Soc. C. E. The 
span of these arches is 14 feet, and the thickness at the crown is IS 
inches. A photograph of one of these arch culverts, which shows 
also many other details, is reproduced in Fig. 76. 



Fig. 76. Double Arch Culvert. Openings, 14 by 5H Feet 


End ]]AUs. The ends of a culvert are usually expanded into 
end wmlls for the retention of the embankment. For the larger 
culverts, this may develop into two wing walls Avhich act as retaining 
walls to prevent the embankment from falling over into the bed of the 
stream. An end wall is especially necessary on the upstream end of 
the culvert, so as to avoid the danger that the stream will scour the 
bank and w'ork its way behind the culvert walls. The end \vall is 
also carried up above the height of the top of the culvert, in order to 
guard still further against the w'ashing of earth from the embank- 
ment over the end of the culvert into the stream below. All of these 


should be tamped thoroughly, and the excavation failed with cin- 
ders, broken stone, gravel, or brickbat, to within four inches (or 
whatever thickness of slab is to be used) of the top of the grade. The 
foundation should be thoroughly rammed, and by using gravel or 
cinders to make this foundation, a very firm surface can be secured. 

Side drains should be put in at convenient intervals where 
outlets can be secured. The foundation is sometimes omitted, even 
in cold climates, if the soil is porous. Walks laid on the natural soils 
have proven, in many cases, to be very satisfactory. 

At the Convention of the National Cement Users’ Association, 
held at Buffalo, New York, in 1908, the Committee on Sidewalks, 
Streets, and Floors presented the following specifications for side- 
walk foundations; 

The ground base shall be made as solid and permanent as possible. Where 
excavations or fills are made, all wood or other materials which will decompose 
shall be removed, and replaced with earth or other filling like the rest of the 
foundation. Fills of clay or other material which will settle after heavy rains 
or deep frost should be tamped, and laid in layers not more than six inches 
in thickness, so as to insure a solid embankment which will remain firm after 
the walk is laid. Embanlcments should not be less than 2 J feet wider than the 
wall^: which is to be laid. When porous materials, such as coal ashes, gran- 
ulated slag, or gravel, are used, underdrains of tile should be laid to the curb 
drains or gutters, so as to prevent water accumulating and freezing under the 
walk and breaking the block. 

Concrete Base. The concrete for the base of walks is usually 
composed of 1 part Portland cement, 3 parts sand, and 5 parts stone 
or gravel. Sometimes, however, a richer mix- 
ture is used, consisting of 1 part cement, 2 parts 
sand, and 4 parts broken stone; but this mix- 
ture seems to be richer than what is generally 
required. The concrete should be thoroughly 
mixed and rammed. Fig. 77, and cut into uni- 
form blocks. The size of the broken stone or 
gravel should not be larger than one inch, vary- 
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ing m size down to ft inch, and tree from fane 

screenings or soft stone. All stone or gravel under g inch is con- 
sidered sand. 
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The thickness of the concrete base will depciul upon the loca- 
tion, the amount of travel, or the danger of being broken by fr()st. 
The usual thickness in residence districts is 3 inches, with a wcaiing 
thickness of 1 inch, making a total of 4 inches. Fig. 7.S. In biisiiu'ss 
sections, the walks vary from 4 to G inches in total thickness, in 
which the finishing coat should not be less than 1 j inches thick. The 
concrete base is cut into uniform blocks. 

The lines and grades given for walks by the Engineer shoidd bc^ 
carefully follow'ed. The mold strips should be firmly Idoelu'd and 
kept perfectly straight to the height of the grade given. Tlu^ walks 
usually are laid with a slope of i inch to the foot tow'ard the curb. 

The blocks are usually from 4 to G feet s(iuare, but souudinu's 
they are made much larger than these dimensions. The joints made 



Fig. 7S. Concrolc Siiicwtilk luiJ Curb 


by cutting the concrete should be filled with dry sand, and the t'xact 
location of these joints should be marked on the forms. The cleaver 
or spud that is used in making the joints .should not be less than i 
of an inch or over of an inch in thickness. 

Top Surface. The wearing surface usually consists of 1 part 
Portland cement and 2 parts crushed stone or good, coarse sand — a, 11 
of which wall pass through a -]-inch mesh screen — thoroughly mixed 
so that a uniform color will be secured. This mixture is tlum sprc'ad 
over the concrete base to a thickness of one inch, this being done 
before the concrete of the base has set or become covi'red with dust. 
The mortar is leveled off with a straightedge, and smoothed dowui 
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been in place from two to five hours and is partially set. This final 
floating is done first with a wood float, and afterwards with a 
metal float or trowel. The top 
surface is then cut directly over 
the cuts made in the base, care 
being taken to cut entirely through 
the top and base all around each 
block. The joint is then finished 
with a jointer, Fig. 79, and all 
edges rounded or beveled. Care 
should be taken, in the final float- 
ing or finishing, not to overdo it, 
as too much working will draw 
the cement to the surface, leaving 
a thin layer of neat cement, which 
is likely to peel off. Just before the floating, a very thin layer of 
dryer, consisting of dry cement and sand mixed in the proportion 
of one to one, or even richer, is frequently spread over the surface; 



Fig. 79. Jointers 




Fig. 80. Brass Dot Roller 


Fig. SI. Brass Line Roller 


but this is generally undesirable, as it tends to make a glossy walk. 
A rnllpf nr linp: roller. Fi.crs. SO fl.nri SI. mav he emnloved to 




already referred to, the Committee on Sidewalks, Floors, and Str(H‘ts 
recommended the following specifications for the top coat. 

Three parts high-grade Portland cement and five ])ar(..s (dean, sliaij) sand, 
mixed dry and screened through a No. 4 ai<;ve. In the top coat, (.he amount, 
of water used should be just enough so that the surfac.e of the walk e.an b(i t,ainp(id, 
struck off, floated, and finished within 20 minutes afttu' it is apre.ad on (die bot- 
tom coat; and when finished, it should be solid and not (piaky. 

In the January, 1907, number of Cement, Mr. Albert Moyer, 
Assoc. M. Am. Soc. C. E., in discussing the subject of cement side- 
walk pavements, gives specifications for monolithic slab for ])aving 
purposes. For an example of this construction, he gives tlu^ ])av('- 
ment around the Astor Hotel, New York: 

As' an alternative, and instead of using a top coat., make om^ .slab of s(d(S!t.e(l 
aggregates for base and wearing surface, filling in b(d.ween th(( li’ames ((on(;r(’(.(! 
flush with established grade. Concrete to be of s(!l(!ct(Hl aggrc^galc’s, all ol \vhi(di 
will pass tlrrough a -|-inch mesh sieve; hard, tough stomps or ])(d)blert, graded 
in size; proportions to be 1 part cement, 2.^ parts crushed hard stone scu’cMmings 
or coarse sand, all passing a f-inch mesh, and all colk^ctcul on a l-ine.h mesh. 
Tamped to an even surface, prove surface with straightedge, smoot.h down 
with float or trowel, and in addition a natural finish can b(i obt.ained by scunib- 
bing with a wire brush and water while cone.retc is "green”, Imt after final set. 

Seasoning. The wearing surface must be protected from the 
rays of the sun by a covering which is raised a few iiudies altove the 
pavement so as not to come in contact with the surface. After the 
pavement has set hard, sprinkle freely two or three times a diiy for a 
week or more. 

Cost. The cost of concrete sidewalks is variable. The con- 
struction at each location usually requires only a few days’ work; 
and the time and expense of transporting the men, tools, and mate- 
rials make an important item. One of the skilled workmen should 
be in charge of the men, so that the expense of a foreman will not be 
necessary. The amount of walk laid per day is limited by the 
amount of surface that can be floated and troweled in a day. If the 
surfacers do not work overtime, it will be necessary to stop concret- 
ing in the middle of the afternoon, so that the last concrete placed 
will be in condition to finish during the regular working hours. The 
work of concreting may be continued considerably later in the after- 
noon if a drier concrete is used in mixing the top coat, and only 
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soon after being placed. The men who have been mixing, placing, 
and ramming concrete can complete their day’s work by preparing 
and ramming the foundations for the next day’s work. 

The contract price for a well-constructed sidewalk 4 to 5 inches 
in thickness, with a granolithic finish, will vary from 15 cents to 30 
cents per square foot. 


CONCRETE CURB 

The curb is usually built just in advance of the sidewalk. The 
foundation is prepared similarly to that of walks. The curb is 
divided into lengths similar to 
that of the walk; and the joints 
between the blocks, and also 
between the walk and the curb, 
are made similar to the joints 
between the blocks of the walk. 

The concrete is generally com- 
posed of 1 part Portland cement, 

3 parts sand, and 5 parts stone, 
although a richer mixture is 
sometimes used. A facing of mortar or granolithic finish on the part 
exposed to wear will improve the wearing qualities of the curb. 

Types of Curbing, There are two general types of curb used — 
a curb rectangular in section, and a combined curb and gutter; both 
types are shown in Fig. 82. The foundation for either type is con- 
structed in the same manner. Both these types of curb are made 
in place or molded and set in place like stone curb, but the former 
method is preferable. A metal corner is sometimes laid in the 
exposed edge of the curb to protect it from wear. 

Construction. The construction of the rectangular section is a 
simple process, but requires care to secure a good job. This is 
usually about 7 inches wide and from 20 to 30 inches deep. After 
the foundation has been properly prepared, the forms are set in place. 
Pdg. S3 shows the section of a curb 7 inches wide and 24 inches deep, 
and the forms as they are often used. The forms for the front and 
back each consist of three planks I g inches thick and 8 inches wide, 
and are surfaced on the side next the concrete. They are held in 




stakes are kept from spreading by a clamp. A sheet-iron plate 
I inch thick is inserted every G feet, or at whatever distance the 
joints are made. After the concrete has 
been placed and rammed, and has set hard 
enough to support itself, the plate and front 
forms are removed, and the surface and top 
are finished smooth with a trowel, and with 
other tools such as shown in Figs. 84, 85, 
and 86. The joint is usually plastered 
over, and acts as an expansion joint. The 
forms on the back are not removed until 




Fig. S3. Forms for Construct- 
ing Curb 


Fig. 84. Curb Eager 


the concrete is well set. If a mortar or granolithic finish is used, a 
piece of sheet iron is placed in the form one inch from the facing, and 
mortar is placed between the sheet iron and the front form, and the 
coarser concrete is placed back of the sheet iron. Fig. 87. The sheet 
iron is then withdrawn and the two concretes thoroughly tamped. 


(,E s -i 11 n v.t 







Fig. So. Radius Tool 


Fig. 86. Inside-Angle Tool 


Fig. 87 shows the section of a combined curb and gutter, and 
the forms that are necessary for its construction. This combination 
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results. A l|-inch plank 12 inches wide is used for the back f( 
and is held in place at the bottom by pegs. The front form con 
of a plank 1| by 6 inches, and is held in place by pegs. Before 
concrete is placed, two sheet-iron plates, cut as shoAvn in the 
are placed in the forms, six feet to eight feet apart. After the 
Crete for the gutter and the lower part of the curb is placed 
rammed, a l|-inch plank is placed against these plates and he] 
place by screw clamps. Fig. 87. The upper part of the curb is 
molded. When the concrete is set enough to stay in place, the f 
forms and plates are removed, and the surface is treated in the £ 
manner as described for the other type of curb. 



Cost. The cost of concrete curb will depend upon the ci 
tions under which it is made. Under ordinary circumstances 
contract price for rectangular curbing 6 inches wide and 24 ii 
deep will be about 60 cents per linear foot; or 80 cents per lineai 
for curb 8 inches wide and 24 inches deep. Under favorable c 
tions on large jobs, 6-inch curbing can be constructed for'40 cer 
45 cents per linear foot. These prices include the excavation tl 
required below the street grade. 

The cost of the combined curb and gutter is about 10 to 2 
cent more than that of the rectangular curbing. In addition to 
ing a larger surface to finish, the combined curb and gutter rec 
more material, and therefore more work, to construct it. 



MASONRY AND REINFORCED 
CONCRETE 

PART III 


REINFORCED CONCRETE BEAM DESIGN 

GENERAL THEORY OF FLEXURE 
Introduction. The theory of flexure in reinforced concrete is 
exceptionally complicated. A multitude of simple rules, formulas, 
and tables for designing reinforccd-concrete work have been pro- 
posed, some of which are sufficiently accurate and applicable under 
certain conditions. But the effect of these various conditions should 
be thoroughly understood. Reinforced concrete should not be 
designed by “rule-of-thumb” engineers. It is hardly too strong a 
statement to say that a man is criminally careless and negligent 
when he attempts to design a structure, on which the safety and 
lives of people will depend, without thoroughly understanding the 
theory on which any formula he may use is based. The applica- 
bility of all formulas is so dependent on the quality of both the steel 
and the concrete, as well as on many of the details of the design, 
that a blind application of a formula is very unsafe. Although the 
greatest pains will be taken to make the following demonstration as 
clear and plain as possible, it will be necessary to employ symbols, 
and to work out several algebraic formulas on which the rules for 
designing will be based. The full significance of many of the follow- 
ing terms may not be fully understood until several subsequent 
paragraphs have been studied: 

SYMBOLS DEFINED 
h = Breadth of concrete beam 

d = Deiith from compression face to center of gravity of the steel 
A = Area of the steel 

p = Ratio of area of steel to area of concrete above the center of gravity 
of the steel, generally referred to as percentage of rcinjorcemcnl, 


Es = Modulus of ehislicity of stocl 

Ec = Initial modulus of elasticity of concrete 

71 = tt = -Ratio of the moduli 
Ec 

s = Tensile stress per unit of area in steel 

c = Compressive stress per unit of area in concrete at the outer fiber of 
the beam 

Eg = Deformation per unit of length in the steel 

gg = Deformation per unit of length in outer fiber of concrete 

k = Ratio of dimension from neutral axis to center of compressive stresses 
to the total effective depth d 

j = Ratio of dimension from steel to center of compressive stresses to 
the total effective depth d 

X = Distance from compressive face to center of compressing stresses 
'Zi X = Summation of horizontal compressive stresses 

M = Resisting moment of a section 

Statics of Plain Homogeneous Beams. As a preliminary to the 
theory of the use of reinforced concrete in beams, a very brief dis- 
cussion will be given of the statics of an ordinary homogeneous 

beam, made of a material 
whose moduli of elasticity in 
tension and compression are 
equal. Let A B, Fig. 88, 
represent a beam carrying a 
uniformly distributed load 

Fig, 88. Diagram of Beam Carrying Uniformly Jp ; then the beam is SUb- 
Distributed Loud 

jected to transverse stresses. 
Let us imagine that one-half of the beam is a “free body” in space 
and is acted on by exactly the same external forces; let us also 
assume forces C and T (acting on the exposed section), which are 
just such forces as are required to keep that half of the beam in 
equilibrium. These forces and their direction are represented in 
the lower diagram by arrows. The load W is represented by the 
series of small, equal, and equally spaced vertical arrows pointing 
downward. The reaction of the abutment against the beam is an 
upward force, shown at the left. The forces acting on a section at 
the center are the equivalent of the two equal forces C and T. 

The force C, acting at the top of the section, must act toward 
the left, and there is therefore compression in that part of the sec- 
tion. Similarly, the force T is a force acting toward the right, and 
the fibers of the lower part of the beam are in tension. For our 



case the resultant of the forces acting on a very large number of 
“fibers”. The stress in the outer fibers is, of course, greatest. At 
the center of the height, there is neither tension nor compression. 
This is called the neutral axis, Fig. 89. 

Let us consider for simplicity a very 
narrow portion of the beam, having the 
full length and depth but so narrow that 
it includes only one set of fibers, one 
above the other, as shown in Fig. 90. 

In the case of a plain rectangular ho- Fig-. S9. Diagram showing Posi- 

^ Neutrul Axis in Beam 

mogeneous beam, the elasticity being 

assumed equal for tension and compression, the stresses in the fibers 
would be as given in Fig. 89; the neutral axis would be at the center 
of the height, and the stress at the bottom and the top would be 
equal but opposite. If the section were at the center of the beam, 
with a uniformly distributed load, as indicated in Fig. 88, the shear 
would be zero. 

A beam may be constructed of plain concrete; but its strength 
will be very small, since the tensile strength of concrete is compara- 
tively insignificant. Reinforced concrete utilizes the great tensile 
strength of steel in combination with the compressive strength of 
concrete. It should be realized that two of the most essential 
qualities are compression and tension, and that, other things being 
equal, the cheapest method of obtaining the necessary compression 
and tension is the most economical. 



Economy of Concrete for Compression. The ultimate com- 
pressive strength of concrete is generally 2,000 pounds, or over, per 


square inch. With a factor of safety of 4, a 
working stress of 500 pounds per square inch 
may be considered allowable. We may esti- 
mate that the concrete costs 20 cents per 
cubic foot, or $5.40 per cubic yard. On the 
other hand, we may estimate that the steel, 
placed in the work, costs about 3 cents per 
pound. It will weigh 4S0 pounds per cubic 



Fig. 90. Position of Neutral 
Axis in Narrow Beam 


foot; therefore, the steel costs $14.40 per pubic 


foot, or 72 times as much as an equal volume of concrete or an equal 




compressive stress of 16,000 pounds per square inch, which is 32 
times the safe working load on concrete. Since, however, a given 
volume of steel costs 72 times an equal volume of concrete, the cost 
of a given compressive resistance in steel is §|, or 2.25, times the cost 
of that resistance in concrete. Of course, the above assumed unit 
prices of concrete and steel will vary with circumstances. The 
advantage of concrete over steel for compression may be somewhat 
greater or less than the ratio given above, but the advantage is almost 
invariably with the concrete. There are many other advantages 
which will be discussed later. 

Economy of Steel for Tension. The ultimate tensile strength 
of ordinary concrete is rarely more than 200 pounds per square inch. 
With a factor of safety of 4, this would allow a working stress of only 

50 pounds per square inch. This is gen- 
erally too small for practical use and cer- 
tainly too small for economical use. On 
the other hand, steel may be used with a 
working stress of 16,000 pounds per square 
inch, which is 320 times that allowable 
for concrete. Using the same unit values 
for the cost of steel and concrete as given 
in the previous paragraph, even if steel 
costs 72 times as much as an equal vol- 
ume of concrete, its real tensile value economically is W; or 
4.44, times as great. Any reasonable variation from the above unit 
values cannot alter the essential truths of the economy of steel for 
tension and of concrete for compression. In a reinforced-concrete 
beam, the steel is placed in the tension side of the beam. Usually 
it is placed 1 to 2 inches from the outer face, with the double purpose 
of protecting the steel from corrosion or fire, and also to better insure 
the union of the concrete and the steel. But the concrete below 
the steel is not considered in the numerical calculations. The con- 
crete between the steel and the neutral axis performs the very 
necessary function of transmitting the tension in the steel to the 
concrete. This stress is called shear and is discussed on page 207. 
Although the concrete in the lower part of the beam is, theoretically, 
subject to the tension of transverse stress and does actually con- 



Fig. 91. Diagram Showing Trans- 
mission of Tcn.sion in Steel to 
Concrete 


small, the proportion of the necessary tension which the concrete 
can furnish when the beam is heavily loaded is so very small that it is 
usually ignored, especially since such a policy is on the side of safety, 
and also since it greatly simplifies the theoretical calculations and 
yet makes very little difference in the final result. We may, there- 
fore, consider that in a unit section of the beam, Fig. 91, the con- 
crete above the neutral axis is subject to compression, and that the 
tension is furnished entirely by the steel. 

Elasticity of Concrete in Compression. In computing the trans- 
verse stresses in a wood beam or steel I-beam, it is assumed that 
the modulus of elasticity is uniform for all stresses within the elastic 
limit. Experimental tests have shown this to be so nearly true 
that it is accepted as a mechanical law. This means that if a force 
of 1,000 pounds is required to stretch a bar .001 of an inch, it will 
require 2,000 pounds to stretch it, ,002 of an inch. Similar tests 
have been made with concrete, to determine the law of its elasticity. 
Unfortunately, concrete is not so uniform in its behavior as steel. 
The results of tests are somewhat erratic. Many engineers have 
argued that the elasticity is so nearly uniform that it may be con- 
sidered to be such within the limits of practical use. But all experi- 
menters, who have tested concrete by measuring the proportional 
compression produced by various pressures, agree that the addi- 
tional shortening produced by an additional pressure is greater at 
higher pressures than at low pressures. 

A test of this sort may be made substantially as follows: A 
square or circular column of concrete at least one foot long is placed 
in a testing machine. A very delicate micrometer mechanism is 
fastened to the concrete by pointed screws of hardened steel. These 
points are originally at a known distance apart — say 8 inches. 
When the concrete is compressed, the distance between these 
points will be slightly less. A very delicate mechanism will permit 
this distance to be measured as closely as the ten-thousandth part 

of an inch, or to about ^ --- - of the length. Suppose that the 

A. \J\J j\J\J\J 

various pressures per square inch, and the proportionate com- 
pressions, are as given in the following tabular form, which gives 
figures which are fairly representative of the behavior of ordinary 



Pressure per 
Square Inch 

200 pounds 
400 pounds 
600 pounds 
800 pounds 
1,000 pounds 
1,200 pounds 
1,400 pounds 
1,600 pounds 


Proportionate 

Compression 

.00010 of total length 
.00020 of total length 
.00032 of total length 
.00045 of total length 
.00058 of total length 
.00062 of total length 
.00090 of total length 
.00112 of total length 


We may plot these pressures and compressions, Fig. 92, using any 
convenient scale for each. For example, for a pressure of 800 
pounds per square inch, select the vertical line which is at the 
horizontal distance from the origin 0 of 800, according to the scale 
adopted. Scaling off on this vertical line the ordinate .00045, 

according to the scale 
adopted for compres- 
sions, we have the posi- 
tion of one point of the 
curve. . The other points 
are obtained similarly. 
Although the points thus 
obtained from the test- 
ing of a single block of 
concrete would not be 
considered sufficient to 

Fig. 92. Curve of Pressure and Compressions in establish the laW of the 

elasticity of concrete in 
compression, a study of the curves, which may be drawn through 
the series of points obtained for each of a large number of blocks, 
shows that these curves will average very closely to parabolas 
that are tangent to the initial modulus of elasticity, which is here 
represented in the diagram by a straight line running diagonally 
across the figure. 

It was formerly quite common to base the computation of 
formulas on the assumption that the curve of compression is a 
parabola. The development of the theory is correspondingly 
complex, but it may be noted from Fig. 92 that for a compression 
of 600 or even 800 pounds per square inch, the parabolic curve is 
not very different from a straight line. A comparison of the results 




often not greater than the uncertainty as to the true strength of the 
concrete. The straight-line theory will, therefore, be used exclu- 
sively in the demonstrations which follow. 

Theoretical Assumptions. The theory of reinforced-concrete 
beams is based on the usual assumptions that ; 


(1) The loads are applied at right angles to the axis of the beam. The 
usual vertical gravity loads supported by a horizontal beam fulfill this condition. 


(2) There is no resistance 
to free horizontal motion. This 
condition is seldom, if ever, exactly 
fulfilled in practice. The more 
rigidly the beam is held at the 
ends, the greater will be its strength 
above that computed by the simple 
theory. Under ordinary conditions 
Ihc added strength is quite inde- 
terminate; and is not allowed for, 
except in the appreciation that it 
adds indefinitely to the safety. 

(3) The concrete and steel 
stretch together without breaking 
the bond between them. This is 
absolul.ely essential. 



Fig. 03. Exaggcnitod Diagram vShowing Plauo 
Scolion of Beam Before and After Bending 


(4) Any section of the beam which is plane before bending is plane after 


bending. 


Ill Fig. 93 is shown, in a very exaggerated form, the essential 
meaning of assumption (4). The section abed 
in the unstrained condition, is changed to the 
plane a'b'd'c' when the load is applied. The 
compression at the top equals a a' equals hb'. 

The neutral axis is unchanged. The concrete at 
the bottom is stretched an amount equal to cc' 
equals dd', while the stretch in the steel equals 
gg'. The compression in the concrete between 
the neutral axis and the top is proportional to 
the distance from the neutral axis. 

In Fig. 94 is given a side view of the beam, si\ow^ngsideWew^ 
With special reference to the deformation of tiie to Deformation of 
fibers. Since the fibers between the neutral axis 
and the compressive face are compressed proportionally, then, 
if a a' represents the linear compression of the outer fiber, the 




shaded lines represent, at the same scale, the compression oi the 
intermediate fibers. 

Summation of Compressive Forces. The summation of com- 
pressive forces evidently equals the sum of all the compressions, 
varying from zero to the maximum compressive stress c at the 
extreme upper fiber, where the linear compression is The 
average unit compressive stress is, therefore, jc. Since k is the 
ratio of the distance from the neutral axis to the upper fiber to the 
total effective depth d, that distance equals kd; the breadth of the 
beam is h. Therefore 

^X=\cbkd ( 9 ) 

Center of Gravity of Compressive Forces. The center of grav-^ 
ity of compressive forces is sometimes called the centroid of com- 
jjrcssion. It here coincides with the center of gravity of the tri- 
angle, which is at one-third the height of the triangle from the upper 
face. Therefore 

x==^kd ( 10 ) 

The ratio of the dimension from the steel to the center of the 
compressive stress to the dimension d equals j and, therefore, the 
dimension between the centroids of the tensile and the compressive 
forces equals jd, which equals (d—x). 

Position of the Neutral Axis. According to one of the funda- 
mental laws of mechanics, the sum of the horizontal tensile forces 
must be equal and opposite to the sum of the compressive forces. 
Ignoring the very small amount of tension furnished by the con- 
crete below the neutral axis, the tension in the steel equals As 
equals 2 )bds equals the total compression in the concrete which as 
stated in Equation. (9) equals \cbkd. Therefore 

ybds=^\chkd 

or 

ys — ^ck ( 11 ) 

The position of the neutral axis is determined by the value of 
h, which is a function of the steel ratio y and the ratio of the moduli 
of elasticities n. We must also eliminate s and c. By definition, 
c equals Ec and s equals es Eg andn equals Eg-^Eg. Substitut- 
ing in Equation (11), w'e have 

y €g Eg — 2 Cg Eg k 


( 12 ) 



TABLE XVII 

Value of k for Various Values of n and p 
(Straight=Line Formulas) 


n 

V 


.020 

.018 

.016 

.014 

.012 

.010 

.008 

.006 

.004 

.003 

10 

.464 

.446 

.427 

.407 

.385 

.358 

.328 

.292 

.246 

.216 

12 

.493 

.476 

.457 

.436 

.412 

.385 

.353 

.314 

.266 

.235 

15 

.531 

.513 

.493 

.471 

.446 

.418 

.384 

.343 

.291 

.258 

18 

.562 

.544 

.524 

.501 

.476 

.446 

.412 

.369 

.315 

.279 

20 

.580 

.562 

.542 

.519 

.493 

.463 

.428 

.384 

.328 

.292 

25 

.618 

.600 

.580 

.557 

.531 

.500 

.463 

.418 

.358 

.319 

30 

.649 

.631 

.611 

.588 

.562 

.531 

.493 

.446 

.384 

.344 

40 

.698 

.679 

.659 

.637 

.611 

.579 

.542 

.493 

.428 

.384 


From the two proportional triangles in Fig. 94, we may write the 
proportion 


^8 

kd d—kd 


or tc = Cs 



E 

Substituting in Equation (12) for the ratio its value n, and for 

hiQ 

ec the value just obtained, 'we have 


yn-- 


'(A) 


Solving this quadratic for k, we have 

k=='^2yn-\-ifn'^ —yn 


(13) 

(14) 


Values of Ratio of Moduli of Elasticity. The various values for 
the ratio of the moduli of elasticity n are discussed in the succeeding 
paragraphs. The values of k for various values of n and y, have 
been computed in Table XVII. Eight values have been chosen 
for n, in conjunction with ten values of y, varying by 0.2 per cent 
and covering the entire practicable range of y, on the basis of 
which values k has been worked out in the tabular form. Usually 
the value of k can be determined directly from Table XVII. By 
interpolating between two values in Table XVII, any required 
value within the limits of ordinary practice can be determined 

n _ _ _ 


• j 1 
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TABLE XVIII 

Value of / for Various Values of n and p 


(Straight=Line Formulas) 



The dimension j d from the center of the steel to the centroid of 
the compression in the concrete equals {d-x). Therefore 


( 15 ) 

'' d d ,3 

The corresponding values for j have been comiDuted for the 
several values of p and n, as shown in Table X'VIII. 

These several values for k and j which correspond to the various 
values for and n are shown in Fig. 95, which is especially useful 
■when the required values of k and j must be obtained by inter- 
polation. 

Examples. 1. Assume n = 15 and y» = .01; how much arc k and 

Solution. Follow up the vertical line on the diagram for the steel ratio, p 
= .010, to the point where it intersects the k curve for n = 15; the intersection 
point is i”-) of one of the smallest divisions above the .40 line, as shown on the 
scale at the left; each small division is .020, and, therefore, the reading is 
ff, X .020 = .018 plus .400 or .418, the value of k. Similarly the .010 p lino 
intersects the j curve for n = 15 at a point slightly above the .860 line or at .861. 

2. As.sume n = 16 and p = .0082; how much are k and j? 

Solution. One must imagine a vertical line (or perhaps draw one) at | of a 
space between the .0080 and .0085 vertical lines for p. This line would inter- 
sect the line for n = 15 at about .388; and the hne for n = 18 at about .416; one- 
tliird of the difference (.028) or .009, added to .388 gives .397, the interpolated 
value. Although this is sufficiently close for practical purposes, the precise 
value (.398) may be computed from Equation (27). Similarly the value of j 
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ratio of the moduli of elasticity of the steel and the concrete. The 
modulus for steel is fairly constant at about 29,000,000 or 30,000,000. 
The value of the initial modulus for stone concrete varies, according 
to the quality of the concrete, from 1,500,000 to 3,000,000. An 
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TABLE XIX 

Modulus of Elasticity of Some Grades of Concrete 


Kind of Concukte 

Age 

(Days) . 

Mixture 


n 

Cinder 

30 

Ifll 


25 

Broken stone 

30 


15 

Brokini stone 

10 


15 

Broken stone 

30 

1:2:4 

12 



Percentage of Steel. The previous calculations have been 
made as if the percentage of the steel might be varied almost indefi- 
nitely. While there is considerable freedom of choice, there are 
limitations beyond which it is useless to pass; and there is always a 
most economical percentage, depending on the conditions. We 
must, therefore, determine in terms of c, s, and n. Substituting 
in Equation ( 11 ) the value of k in Equation ( 14 ), we have 



which may be reduced to 

1 . . c ^ . cn 

V==-^X—Xj~ r 

2 s {s-^cn) 

The above equation shows that we cannot select the percentage 
of steel at random, since it evidently depends on the selected stresses 
for the steel and concrete and also on the ratio of their moduli. For 
example, consider a high-grade concrete — 1:2:4 — whose modulus of 
elasticity is considered to be 2,500,000, and which has a working 
compressive stress c of 600 pounds, which we may consider in con- 
junction wuth a tensile stress of 16,000 pounds in the steel. The 
values of c, s, and n are therefore 600, 16,000, and 12, respectively. 
Substituting these values in Equation (16), we compute p equals 
.0058. 

The “theoretical” percentage is not, necessarily, the most 
economical or the most desirable percentage to use. For a beam of 
given size, some increase of strength may be obtained by using a 
higher percentage of steel; or for a given strength, or load capacity, 
the depth may be somewhat decreased by using a higher percentage 
of steel. The decrease in height, making possible a decrease in the 












floors, viay justify the increase in the percentage of steel, but that 
is a nifitter of economics. 

Example. What is the theoretical percentage of steel for ordinary stone 
concrete when n = 15, c = G50, and s = 18,000? Ans. .0063 per cent 

Resisting Moment. The moment which resists the action of 
tlic external forces is evidently measured by the product of the 
distance from the center of gravity of the steel to the centroid of 
compression of the concrete, times the total compression of the con- 
crete, or times the tension in the steel. As the compression in the 
concrete and the tension in the steel are equal, it is only a matter 
of convenience to express this product in terms of the tension in the 
steel. Therefore, adopting the notation already mentioned, we 
have the formula 

M = As(jd) (17) 

But since the computations are frequently made in terms of the 
dimensions of the concrete and of the percentage of the reinforcing 
steel, it may be more convenient to write the equation 

M = {phds) jd (18) 

From Equation (9) we have the total compression in the concrete. 
Multiplying this by the distance from the steel to the centroid of 
compression j d, we have another equation for the moment 

31^^{chkd)jd (19) 

When the percentage of steel used agrees with that computed 
from Equation (13), then Equations (18) and (19) will give identi- 
cally the same results; but when the percentage of steel is selected 
arbitrarily, as is frequently done, then the proposed section should 
be tested by both equations. When the percentage of steel is 
larger than that required by Equation (13), the concrete will be 
compressed more than is intended before the steel attains its normal 
tension. On the other hand, a lower percentage of steel will require 
a higher unit tension in the steel before the concrete attains its 
normal compression. When the discrepancy between the percent- 
age of steel assumed and the true economical value is very great, 
the stress in the steel, or the concrete, may become dangerously high 
when the stress in the other element, on which the computation 
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TABLE XX 


Value of p for Various Values of (s-f-c) and n 


-Formula : 


1 ^ 



in which R — (s-i-c) 


( s - rc ) 




71 





10 

12 

15 

18 

20 

25 

30 

40 

10 

.0250 

.0273 

.0300 

.0321 

.0333 



.0400 

12.5 

.0178 

.0196 

.0218 

.0236 

.0246 


.0282 

.0304 

15 

.0133 

.0148 

.0167 

.0182 

.0190 


msmm 

.0242 

17.5 . 

.0104 

.0116 

.0132 

.0145 

.0152 

.0168 

.0180 

.0199 

20 

.0083 

.0094 

.0107 

.0118 

.0125 


.0150 

.0167 

25 

. 00.57 

.0065 

.0075 

.0084 

.0089 


.0109 

.0123 

m 

.0042 

.0048 

.0056 

.0062 

.0067 


.0083 

.0095 

40 

.0025 

.0029 

.0034 

. 0039 

.0042 


.0054 

.0062 

50 

.0017 

.0019 

.0023 

. 0026 

.0029 


.0037 

.0044 


Working Valves for the Ratio of the Steel Tension to the Concrete 
Comiv'ession. It is often more convenient to obtain working values 
Tom tables or diagrams rather than to compute them each time 
Tom equations. 

Solving Equation (16) for several combinations of values of 
and n, the values are tabulated in Table XX. These values 
ire also shown in Fig. 96. For other combinations than those used 
n Table XX, the values of p may be obtained with great accuracy 
provided that (s-M*) corresponds with some curve already on the 
liagram. If it is necessary to interpolate for some value of (s-r-c) of 
vhich the curve has not been drawn, it must be recognized that the 
ipace between the curves increases rapidly as {s-^c) is smaller. 
.A)r example, to interpolate for {s-^e) equals 32, the point must be 
)elow the 30 curve by considerably more than 0.2 of the interval 
)etween the 30 and the 40 curve. 

The relative elasticities (?i) of various grades of concrete and 
teel are usually roughly proportional to the relative working values, 
IS expressed by In other words, if n is large, (s-r-c) is corre- 

pondingly large unless the working value for s or for c is for some 
eason made abnormally low. Therefore, there will be little if any 
ise for the values ^iven in the lower left-hand and uDoer right-hand 
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Fig. 96. Curves Showing the Relation of (s-r-c) to p and n 


Determination of Values for Frequent Use. The moment of 
resistance of a beam equals the total tension in the steel, or the 
total compression in the concrete (which are equal) , times j d. 1 here- 
fore, we have the choice of two values, as given in Equations (17) 
to (19). 

( 20 ) 

M, = A s Ud) = {vhds) jd 

If the theoretical percentage already been determined 

from Equation (16), then either equation may be 'used, as most 
convenient, since they will give identical results. If tlie percentage 
has been arbitrarily chosen, then the least value must be determined, 
as was described on page 189. For any given steel ratio and any 
one grade of concrete, the factors ^ckj or ^re constant and 
Equation (20) may be written 

Mc=Rchd-^ 

or, in general, 

M^Rhd'^ 

when the theoretical percentage of steel is used. Diagrams for 
quickly determining R are given in Figs. 99 and 100. 

For 1:2:4 concrete, using n equals 15, and with a working value 
for c equals 600, and s equals 16,000, we find from Equation (16) 
that the percentage of steel equals 


^ 1 600 600X15 

^ 2 16,000^600X15+16,000 


.00675 


From Table XVII we find by interpolation that, for n equals 15 
and p equals .00675, k equals .300. Then (from Equation (10), 


x=^kd = .120d andj = .SS0 

3 

Substituting these values in either formula of Equation (20), we have 

M = 956d2 


The percentage of steel computed from Equation (16) has been 
called the theoretical 'percentage, because it is the percentage which will 
develop the maximum allowed stress in the concrete and the steel 
at the same time, or by the loading of the beam to some definite 
maximum loadinsr. The real meaning of this is best illustrated by 



a numerical example using another percentage. Assume that the 
percentage of steel is exactly doubled, or that p equals 2 X. 00675 
equals .0135. From Table XVII for n equals 15, and p equals 
.0135, we find Jc equals .465; x equals 155 cZ; and j equals .845. Sub- 
stituting these values in both forms of Equation (20), we have 

M,=llSbd‘^ 

Ms = mhd^ 

The interpretation of these two equations, and also of the equation 
found above {M~95bd^), is as follows: Assume a beam of definite 
dimensions b and d, and made of concrete whose modulus of elas- 
ticity is tV that of the modulus of elasticity of the reinforcing steel; 
assume that it is reinforced with steel having a cross-sectional area 
equal to .00675 bd. Then, when it is loaded with a load which will 
develop a moment of 95 b d^, the tension in the steel will equal 
16,000 pounds per square inch, and the compression in the concrete 
will equal 600 pounds per square inch at the outer fiber. Assume 
that the area of the steel is exactly doubled. One effect of this is 
to lower the neutral axis — h is increased from .360 to .465 — and 
more of the concrete is available for compression. The load may 
be increased about 24 per cent, or until the moment equals 118 bd^, 
before the compression in the concrete reaches 600 pounds per square 
inch. Under these conditions the steel has a tension of about 10,340 
pounds per square inch, and its full strength is not utilized. If the 
load were increased until the moment was 183 bd^, then the steel 
would be stressed to 16,000 pounds per square inch, but the con- 
crete would be compressed to about 930 pounds, which would, of 
course, be unsafe with such a grade of concrete. If the compression 
in the concrete is to be limited to 600 pounds per square inch, then 
the load must be limited to that which will give a moment of 118 
b d^. Even for this the steel is doubled in order to increase the load 
24 per cent. Whether this is Justifiable, depends on several circum- 
stances— the relative cost of steel and concrete, the possible neces- 
sity for keeping the dimensions of the beam within certain limits, 
etc. Usually a much larger ratio of steel than 0.675 per cent is 
used; 1.0 per cent is far more common; but when such is used, it 
means that the strength of the steel cannot be fully utilized unless 


indicate higher values of k, which will indicate higher moments , but 
11 cannot be selected at pleasure. It depends on the character of 
the concrete used; and, with Eg constant, a large value of means 
a small value for Ec, which also means a small value for c, the per- 
missible compression stress. Whenever the percentage of steel is 
greater than the theoretical percentage, as is usual, then the upper 
of the two formulas of Equation (20) should be used. When in 
doubt, both should be tested, and that one giving the lower moment 
should be used. 

When p equals .0075, n equals 15, c equals GOO, and .v equals 
16,000, as before, we have k equals .374, x equals. 125 d and j equals 
.875. Then, since p is greater than the theoretical value, we use 
the upper formula of Equation (20) and have 

M=md-^ 

Examples. 1. Wha*^' is the working moment for a slab with r)-in(!li thick- 
ness to the steel, the concrete having the pro])ertio,s (l(‘,serib(\(l above? 

Solution. Let b = 12 inches, M = 98X12X2.5 = 29,400 mch-pounds, the 
permissible moment on a section 12 inches wide. 

2. A slab having a span of 8 feet is to support a load of 1.50 ])oun(l.s i)('r 
squai’e foot. The concrete is to be as described above, and the per(!(!ntag(i of 
steel is to be 0.75. What is the required thickness d to the .st eel? 

Solution. Allowing 70 pounds per square foot as the es1.iinat.ed weight, of 
the slab itself, the total load is 220 pounds per square foot. A .strij) 12 ineluvs 
wide has an area of 8 square feet, and the total load is 1,700 pounds. Assuming 
the slab as free-ended, the moment is -J- W I = J X 1,700 X90 = 21,120 ine.h-pound.s. 
For a strip 12 inches wide, b = 12 inches and M = 98Xl2Xd- = l,170 d"=21,120; 
from which d^ = 17.96, and d = 4.24 inches. Then, allowing one inch of concrete 
below the steel, the total thickness of the slab would be 5,} inches and it..s wc'ight, 
allowing 12 pounds per square foot per inch of de])th, would be al)out 08 ])ound3 
per square foot, thus agreeing safely with the estimated allowance for tlead load. 
If the computed thickness and weight had proved to bo materially more than 
the original allowance, another calculation would be necessary, assuming a 
somewhat greater dead load. This increase of dead load woidd of itself produce 
a somewhat greater moment, but the increased thickness woidd develop a greater 
resisting moment. A little experience will enable one to make the preliminary 
estimate so close to the final that not more than one trial ealculal.ion should be 
necessary. 

PRACTICAL CALCULATION AND DESIGN OF BEAMS 
AND SLABS 

Tables for Slab Computations. The necessity of very fre- 
quently computing the required thickness of slabs renders very 
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the basis of several combinations of values of c and s. Municipal 
building laws frequently specify the unit values which mu.st be used 
and even the moment formula. For example, slabs are usually 
continuous over beams and even the wall ends of slabs are so 
restrained at the wall that the working moment is considera])ly less 
than IF 8 and, therefore, the formula IF/! 4- 10 is specifically per- 
mitted in many municipal regulations. Table XXI is computed 
on that basis, but the tabulated unit loads may be very easily 
changed to the basis of IFZ^8 or TFZ-^12. It must be noted that 
the unit loads given in Table XXI include the slab w^eight, which 
must, therefore, be subtracted before the net live load is known. 
In the last column are shown the unit weights of various slab thick- 
nesses on the basis of 108 pounds per cubic foot for cinder concrete 
and 144 pounds per cubic foot for stone concrete. These subtractive 
weights may need to be altered if a concrete of different weight is 
used, or if an extra top coat of concrete, which cannot be consid- 
ered to be structurally a part of the slab, is laid on afterward. 
The “thickness of concrete below steel” is such as is approved 
by good practice, but in case municipal regulations or other rea- 
sons should require other thicknesses of concrete below the steel, 
Table XXI may still be used by considering the effective thickness d 
and by varying, as need be, the subtractive weight of the slab to deter- 
mine the net load. The blanks in the upper riglit-hand corner of each 
section of the table indicate that for those spans and slab thicknesses 
the slabs cannot safely carry their owm weight and that even tlie 
weights nearest the blanks are so small that, after subtracting tlie 
slab weights, the remainders are too small for practical working 
floor loads, or even roof loads. The blanks in the lower left-hand 
corner of each section of the table indicate that for these combina- 
tions of span, load, and slab thickness, the shearing strength would 
be insufficient for the load which its transverse strength w-ould 
enable it to carry and, therefore, although those slabs would carry 
a great load, those combinations of snan and slab thickness are 



pounds net, which is substantially what is required. Another combination 
would be a 7-inch slab with a span between 10 and 11 feet. To interpolate, 
subtract 84, the unit slab weight, from 314 and from 259, giving 230 and 175. 
It should be noted that the difference 388—314, or 74, is greater than the differ- 
ence 314—259, or 55, which in turn is greater than the difference 259—218, 
or 41. From this we may know, without precise calculations, that the value 
for the span 10 feet 6 inches must be such that the difference between 230 (net 
value) and the net value for 10 feet 6 inches must be greater than the difference 
between this net value and 175, the net value for an 11-foot span. 230 — 200 =30 
and 200 — 175 = 25. Therefore, a span of 10 feet 6 inches is very close to the 
theoretical value — close enough for practical purposes. Whether an 8-inch 
slab with 12-foot span or a 7-inch slab with lO-foot-6-inch span is most economical 
or desirable depends on other conditions, one of which is the span of the beams. 
This will be considered later. 

2. Find the span, assuming the same data as above, except that muni- 
cipal regulations rcquu-e at least IJ inches of concrete below the steel and also 
require using the formula TFZh-8. 

Solution. An 8-inch slab with li inches of concrete under the steel 
will be 8i inches thick and will weigh 99 pounds per square foot. On the 11-foot 
span the total load, after subtracting 20 per cent, will be 286 pounds and, after 
subtracting 99, will leave 187 pounds net. Similarly, the net load on the 10-foot 
span is 247 pounds. 200-187 = 13, and 247 — 187 = 60; 13, is nearly one-fourth 
of 60 and, therefore, the interpolated span is about one-fourth of the interval 
from 11 feet back to 10 feet, or 10 feet 9 inches. The net effect of adding the 
extra concrete below the steel and using Wl-i-S instead of lFi-r-10, therefore, 
reduces the span of the 8-inch slab from 12 feet to 10 feet 9 inches. A similar 
computation could be made for a 7-inch slab — actual thickness inches. 

3. Assume a slab made of 1:22:5 concrete; the span has been determined 
already as 6 feet; the floor is to be covered with 2 inches of cinder-concrete fill 
between the wood sleepers and a wood floor, weighing 23 pounds per square foot; 
the live load is to bo 150 pounds per square foot; required the slab thickness. 

Solution. For such concrete, use Section 2, Table XXI. 150-1-23 = 173, 
and adding a trial figure of 50 pounds for the unit weight of the slab, we have 223 
as the total load. Under 6 feet span we find 192 for a 4-inch slab and 261 for a 
42 inch slab; 4 inches is too thin and 4^ somewhat needlessly thick. Since 223 
is nearer to 192 than to 261, we may economize by cutting the thickness to il 
inches. The detail of the interpolation, elaborated in Example 2, shows this 
to be justifiable. The required area of steel for the 4j-inch slab is found by 
interpolation, between .223 and .260, or .242 square inch — the area of steel in 
12 inches of width of slab. This is .020 square inch per inch of width; a |-inch 
square bar has an area of .1406 square inch; therefore, such bars spaced 7 inches 
apart will fulfill the requirements. 

Practical Methods of Spacing Slab Bars. It is too much to 
expect of workmen that bars will be accurately spaced when their 
distance apart is expressed in fractions of an inch. But it is a 
comparatively simple matter to require the workmen to space the 
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S^OTE. For any beams corresponding to values from the lower left-hand corner of the table, the possible failure by diagonal 
should be carefully tested. 
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should be laid in a given width of slab. As an illustration, in Exam- 
ple 3 above, a panel of the flooring, which is, say 20 feet wide, should 
have a definite number of bars. As 20 feet equals 240 inches and 
240-^7 equals 34.3, we shall call this 34, and instruct the workmen 
to distribute 34 bars equally in the panel 20 feet wide. The work- 
men can do this without even using a foot-rule, and can adjust the 
bars to an even spacing with sufl&cient accuracy for the purpose. 

A regulation of the New York City building code is that the 
spacing of slab bars shall be not greater than 2| times the thickness 
of the slab. In the above case the margin is ample; 2| times 4| 
equals 10.6 inches; the designed spacing is 7 inches. 

Table for Computation of Simple Beams. In Table XXII has 
been computed, for convenience, the working total load (including 
the weight of the beam) on rectangular beams one inch wide and of 
various depths and spans. For other widths of beams, multiply 
the tabular load by the width of the beam in inches. Table XXII 
is based on a grade of concrete such that M equals lOOhd^; for 
any other grade of concrete, determine the corresponding factor of 

or, in other words. Equation (20), compute the value of ^ckj, 
or of jpsj, whichever is least. Multiply the tabular load by the 
percentage of that factor to 100. The concrete of Section 5, Table 
XXI, has the factor 100 and if such concrete is used, no percentage 
multiplication is necessary. The blanks in the upper right-hand 
corner of Table XXII are similar to the corresponding blanks of 
the other sections of Table XXI; the beams cannot safely carry 
their own weight. And, as before, the values immediately adjacent 
to the blanks are of little or no use, since the possible load, after 
deducting the weight of the beam, would be too small for practical 
use. The values in the lower left-hand corner should be used with 
great caution. Many of the beams of such relative span and depth 
would fail from diagonal shear long before the tabulated loads were 
reached. But, since the liability to failure from diagonal shear is 
dependent on the nature of the web reinforcement, the line of demar- 
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Solution. From Table XXII, under 18 feet span and opposite 16 inches 
effective depth, we find 948, the load for a beam one inch wide. An 8-inch 
beam will carry 8X948, or 7,584 pounds. 95 per cent of 7,584 is 7,205 pounds, 
the load for that particular grade of concrete. The weight of the concrete, 

8 18 

assuming a total depth of 18 inches, is ^ Xjg X 18X144 = 2,592. Deducting 

this from 7,205, we have the net load as 4,613 pounds. 

2. As.sume that c = 500, s = 16,000, n = 12, and p = .006; how much load 
will be carried by a beam 6 inches wide, 12 inches effective depth, and 14 feet 
span? 

Solviion. From the percentage diagram on page 191, we sec that for s - 7-0 = 
32 and n = 12, 7 j = .0043; and since this is less than the chosen steel ratio .006, 
we must use the first part of Equation (20), For n. = 12 and p = .006, /c = .314 
andy = .896. Then 4 cA:; =250X.314X.S95 =70, the factor of hd\ The load 
on a beam one inch wide, 12 inches effective depth, and 14 feet span is 685 pounds. 
For 6 inches wide it would be 4,110 pounds. 70 per cent of this is 2,877 pounds. 

6 14 

The weight, allowing 2 inches below the steel, is X 14X144, or 1,176 

pounds. The net load is, therefore, 4,110 — 1,176, or 2,934 pounds. 

BONDING STEEL AND CONCRETE 

Resistance to the Slipping of the Steel in the Concrete. The 

previous discussion has considered merely the tension and compres- 
sion in the upper and lower sides of the beam. A plain, simple beam 
resting freely on two end supports has neither tension nor compres- 
sion in the fibers at the ends of the beam. The horizontal tension 
and compression, found at or near the center of the beam, entirely 
disappear by the time the end of the beam is reached. This is done 
by transferring the tensile stress in the steel at the bottom of the’ 
beam to the compression' fibers in the top of the beam, by means of 
the intermediate concrete. This is, in fact, the main use of the 
concrete in the lower part of the beam. 

It is, therefore, necessary that the bond between the concrete 
and the steel shall be sufiiciently great to withstand the tendency to 
slip. The required strength of this bond is evidently equal to the 
difference in the tension in the steel per unit of length. For example, 
suppose that we are considering a bar 1 inch square in the middle of 
the length of a beam. Let the bar be under an actual tension of 
15,000 pounds per square inch. Since the bar is 1 inch square, the 
actual total tension is 15,000 pounds. Suppose that, at a point 1 
inch beyond, the moment in the beam is so reduced that the tension 



that the difference of pull (100 pounds) has been taken up by the 
concrete. The surface of the bar for that length of one inch is four 
square inches. This will require an average adhesion of 25 pounds 
per square inch between the steel and the concrete in order to take 
up this difference of tension. The adhesion between concrete and 
plain bars is usually considerably greater than this^ and there is, 
therefore, but little question about the bond in the center of the 
beam. But near the ends of the beam, the change in tension in the 
bar is far more rapid, and it then becomes questionable whether the 
bond is sufficient. 

Virtue of '‘Deformed” Bars. The fact that the adhesion of the 
concrete to the steel is a critical feature under some conditions, 
called attention to the desirability of using “deformed” bars, which 
furnish a mechanical bond. Microscopical examination of the 
surface of steel, and of concrete which has been molded around the 
steel, shows that the adhesion depends chiefly on the roughness of 
the steel, and that the cement actually enters into the microscopical 
indentations in the surface of the metal. Since a stress in the metal 
even within the elastic limit necessarily reduces its cross section 
somewhat, the so-called adhesion will be more and more reduced as 
the stress in the metal becomes greater. This view of the case has 
been verified by recent experiments by Professor Talbot, who used 
bars made of tool steel in many of his tests. These bars were excep- 
tionally smooth; and concrete beams reinforced with these bars 
failed generally on account of the slipping of the bars. Special tests 
to determine the bond resistance showed that it w'-as far lower than 
the bond resistance of ordinary plain bars. The designing of the 
various deformed bars, described on pages 81-83, is only a develop- 
ment of this same principle. The accidental roughness of rolled 
bars is purposely magnified and the resistance is correspondingly 
increased. The deformed bars have a variety of shapes; and since 
they are not prismatic, it is evident that, apart from adhesion, they 
cannot be drawn through the concrete without splitting or crushing 
the concrete immediately around the bars. The choice of form is 
chiefly a matter of designing a form which will furnish the greatest 
resistance, and which at the same time is not unduly expensive to 
manufacture. Non-partisan tests have shown that, even under con- 
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TABLE XXI H 

Bond Adhesion of Plain and Deformed Bars per Inch of Length 

_ . f 75 lb. adhesion per square inch for plain bars 

lb. adhesion per square inch for deformed bars 
For any other unit basis, multiply surface (column 2 or 3) by unit 
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bars have an actual hold in the concrete which is from 50 to 100 per 
cent greater than that of plain bars. It is unquestionable that age 
will increase rather than diminish the relative inferiority of plain 
bars. 

The specifications of the American Railway Engineering Asso- 
ciation, adopted in 1910, allow 80 pounds per square inch of surface 
for plain bars, 40 for drawn wire, and from 100 to 150 for 
deformed bars “depending upon form”. Municipal regulations fre- 
quently limit the adhesion to 75 pounds, without any mention of 
deformed bars or of any extra allowable adhesion if such are used. 
The adhesion is of special importance in short but deep, heavily 
loaded beams. It is frequently difficult to obtain the necessary 
adhesion wdth an allowance of only 75 pounds per square inch. For 
convenience. Table XXIII is given. 

Computation of the Bond Required in Bars. From theoretical 
mechanics, we learn that the total shear at any section equals the 
difference in moment for a section of infinitesimal length. This 
may be seen from Fig. 97 where T is tension in steel at left end of 














rigm: ena oi section; tnen i — i ' is tne amerence in tension, wnich 
is the amount of tension taken up by the concrete in the length x. 
Then {T—T')jd is the difference of moment in the unit distance x. 
But by taking moments about a, we have 
Vx={T-T')jd 

from which 

{T-T') = Vx-^jd 

If X is considered to be the unit length 
— say one inch — ^then the bond adhesion on 
all the bars will be V -4- j d. If we call v the 
unit horizontal shear, and the width of the 
beam 6, then 

ni — 97. Diagram for Calcu- 

u y . uju/ lating Moments of Inertia 

in a Bar 

Illustrative Example. Assume an 8-foot 
beam, uniformly loaded to its capacity, with an effective depth d = 16 
inches, width 6 = 8 inches, c = 600, 5 = 16,000, and 7i = 15. Then 
2 ? = .00675, /c = .360, j = .880, and ^ = 16X8X.0067 = 0.86 square 
inch. This area may be obtained from three |-inch round bars, 
each of which will have a cross-sectional area of .30 square inch 
and circumference of 1.96 inches, which means an adhesion area of 
5.88 square inches per inch of length of the three bars. M equals 
95b d^ or 194,560 inch-pounds equals Wl-^^. Since ^=96 inches, 
W = 16,213, and V, the maximum total shear, is one-half of this or 
8,107 pounds. At a point one foot from the center the shear will be 
one-fourth of the maximum shear, or 2,027 pounds, and dividing this 
by jd, or .880X16, we have 144 pounds, the required bond adhesion 
at that point. Dividing this by the area, 5.88, we have 24 pounds 
per square inch, the adhesion stress, which is amply safe. 

At the abutment the shear is 8,107 pounds; dividing this by 
jd, or .880X16, we have 575 pounds, the required total adhesion. 
575 -T- 5.88 is 98, the required unit adhesion. This is greater than the 
permissible unit adhesion of plain bars, and greater than the uni- 
form figure (75) given in so many municipal building codes, although 
not greater than that which deformed bars can safely carry. An- 
other possible solution of the problem, although at some loss of 
economy, would be to use four |-inch square bars, whose total cross- 
sectional area would be one square inch (instead of 0.86) and whose 




superficial area per inch of feiigth would be 8 square inches. 
578-7-8 = 72 pounds per square inch. This is within the speci- 
fied limit for plain bars. Strictly speaking, this would not be the 
precise figure, since the added percentage of steel would slightly 
decrease j and therefore slightly increase the required adhesion, but 
the effect in this case is very slight, about one pound per square inch. 

Since the variation of j is very little for the usual variations in 
percentage of steel and quality of concrete, it is a common practice 
to consider that, as applied to this equation, j has the uniform value 
of .875 or This would reduce Equation (21) to 

v = ^V^bd 

which means that v, the maximum unit horizontal or vertical shear 
in a section, is about 4 more than the average shear, found by divid- 
ing the total shear by the effective section of the beam. 

VERTICAL SHEAR AND DIAGONAL TENSION 

Distribution of Vertical Shears. Beams which are tested to 
destruction frequently fail at the ends of the beams, long before the 
transverse strength at the center has been 
fully developed. Even if the bond between 
the steel and the concrete is amply strong 
for the requirements, the beam may fail on 
account of the shearing or diagonal stresses 
in the concrete between the steel and the 
neutral axis. The student must accept with- 
out proof some of the following statements 
regarding the distribution of the shear. 

The intensity of the shear of various 
points in the height of the beam may be rep- 
resented by the diagram in Fig. 98. If we 
ignore the tension in the concrete due to 
transverse bending, the shear will be uniform between the steel and 
the neutral axis. Above the neutral axis, the shear will diminish 
toward the top of the beam, the curve being parabolic. 

The maximum diagonal tensile stress t at any point in a homo- 
geneous beam may be represented by the equation 



Fir. 98. Diagram Showing In- 
tensity of Shear in Various 
Points in Height of Beam 



ill which. / is the unit horizontal tensile stress and v the unit vertical 
or horizontal shearing stress. The direction of this maximum 
tensile stress is given by the formula 

tan 2 6 = 2v-7-f 

in which Q is the angle of the maximum tension with the horizontal. 

The application of these equations to reinforced concrete beams 
is uncertain and unreliable^ since it depends on assumptions which 
are themselves uncertain. If there were absolutely no tension in 
the concrete,/ would equal 0, t would equal v, and B would equal 45°. 
But there is always some tension in the concrete and this increases t. 
If there is no web reinforcement, or if all the bars run straight 
through the beam for their entire length, the equations might be 
used, provided we could know how much tension is actually taken 
up by the concrete and how much by the steel. According to the 
best information on the subject, derived from actual tests, t varies 
from once to twice and since v is readily computed from Equation 
(20), this value may be used as an approximate measure of the 
'probable value of t. 

Methods of Guarding against Failure by Shear or Diagonal 
Tension. The failure of a beam by actual shear is almost unknown. 
The failures usually ascribed to shear are generally caused by diag- 
onal tension. A solution of the very simple Equation (21) will 
indicate the intensity of the vertical shear. If a beUm is so reinforced 
that it will safely stand the tests for moment, diagonal shear, and 
bond adhesion, there is almost no question of its ability to resist 
vertical shear. 

Resistance to Diagonal Tension by Bending Bars or Use of 
Stirrups. Resistance to diagonal tension is furnished by bending up 
the main reinforcing bars, and also by the use of “stirrups”. Unfor- 
tunately, it seems impossible to devise any simple, practicable 
rules (like those for resisting moment) for the precise design of 
reinforcement to resist diagonal tension. 

Professor Talbot (Bulletin No. 29, University of Illinois) 
suggests that the working stress P in a stirrup may be computed 
from the formula 

P=Va-~jd ( 22 ) 

-r-TTl-* T rt ci-r\or»Tnrr V^PTHCT 
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those previously used. At the same time, he admits that the stress 
in the stirrup cannot be developed until incipient failure by diagonal 
tension has already commenced. The rule seems to have the advan- 
tage of being amply safe, and since the cost of stirrups is propor- 
tionally small, the very slight additional cost of a possible excess in 
strength is justifiable. Applying the rule to the problem on page 205, 
the shear at the abutment is 8,107; for a stirrup spacing a = 6 inches 

P = (8,107 X 6) ^ (.881 X 16) = 3,454 lb. 

Each bar of the stirrup would hold 1,727 pounds, which af 16,000 
pounds per square inch would require .11 square inch, which is 
exactly the area of a f-inch round bar. But it would be impossible 
to develop even this tension in the stirrup bars unless they were 
Ipoped at the top, since they are never long enough to develop a 
bond adhesion equal to the tensile strength. If the beam is capped 
by a slab, the stirrup should bend over and extend some distance 
into the slab. 

Resistance to diagonal tension is most efficiently provided by 
bending up the bars diagonally as fast as they can be spared from 
their primary work of resisting transverse moment. Diagonal ten- 
sion tends to produce diagonal cracks which start at the bottom of 
the beam and develop upward and toward the center. If some of 
the bars are bent up from the bottom near the ends of the beam, 
those bars will be nearly normal to these cracks and will resist such 
tension. From this standpoint alone, it would be preferable to use 
a large number of small bars, so that a pair of them could be turned 
up at intervals not greater than the depth of the beam and still have 
left at least one pair of bars to extend straight through to the end 
of the beam. But the use and the bending up of a very large number 
of small bars adds considerably to the cost of small beams, although 
a large number of bars is sometimes necessary with very large beams. 
Therefore, although one or two pairs of bars are usually turned up 
diagonally near the ends of each beam, where the diagonal shear is 
the greatest, stirrups are depended on to resist diagonal tension. 

Example. Assume a plain beam vnth a span of 18 feet, which is carrying 
a total load of 1,800 pounds per running foot or 32,400 pounds. Find the 
reinforcing bars necessary to take care of the .diagonal tension and shear. 


Assuming tlie data of Section 3, Table XXI, Af = 95 = 874,800. 
Then 6d^==9,208. If 5 = 12, d'‘^7Q7.3 and d = 27.7. Then A = .00675X 
12X27.7 = 2.24 square inches. This area will be provided by four |-inch 
square bars. 

Shear. The total equivalent load is 32,400; the maximum shear is one- 
half, or 16,200. Applying Equation (21), the horizontal shear below the neutral 
axis equals v = V-^hjd or 16,200 -t- ( 12 X. 880X27.7) =55 pounds per square 
iach, which is safe as a unit stress for true shear, but since the diagonal tension 
may be double this, the beam should be reinforced against diagonal shear. Since 
there are only four main reinforcing bars and since two should be extended 
straight through without bending up, it leaves only one pair which may be 
bent up, the bends commencing about two feet from the support at each end. 

Stirrups. Transposing Equation (22), we have a — Pjd-i-V. Talbot's 
experiments showed that a considerable shearing stress must be developed 
before the stirrups will begin to take up any stress. Assume that a safe unit 
shearing stress v = 30 pounds is developed in the concrete. Then, by inversion 
of Equation (21), there will be developed a shear of 

V = v'bjd 

= 30X12X.88X27.7 
=8,775 Ib. 

16,200—8,775=7,425, the shear which should be provided for to be taken 
up by the first stirrup. Assume that the first stirrup is a pair of |-inch round 
bars. The area of the bar is 0.11 square inch and at 16,000 pounds per square 
inch, a pair of the bars can sustain 3,520 pounds, which is one value for P. Then 
a = (3,520 X. 88X27.7) -5-7,425 = 11.6 inches, the rate of spacing for the stir- 
rups at the support. Practically, this means that we should place a stirrup 
about six inches from the support and the next with a spacing of about 12 inches. 
At the quarter point, the shear is one-half of 16,200 or 8,100 pounds; but since 
this is less than 8,775 pounds, the available shearing strength of the concrete, 
there is no need, on the basis assumed, for stirrups even at the quarter points, 
nor throughout the middle half of the beam. The accuracy of these calculations 
depends upon uncertain assumptions and the work illustrates the uselessness 
of precise computations, especially in view of the fact that the very great resist- 
ance to diagonal tension provided by the main bent-up bars has been numerically 
disregarded. The chief use of this method of stirrup calculation is that it indi- 
cates a limit beyond which it is useless to pass. Therefore, if we place stirrups 
made of f-inch round steel at either end, the first at 6 inches from the support, 
the others at successively added intervals of 12, 15, 18, and 24 inches, the fourth 
stirrup will be 6 feet 3 inches from the support. We may feel sure that such 
stirrups, especially with the added but uncertain aid furnished 'by the bending- 
up of the main reinforcing bars, will fully resist all diagonal tension produced 
by the assumed load. 

Although the above method shows how to calculate all the 
diagonal tension and shear which can be definitely computed, it is 
becoming common practice to place stirrups along the entire length 
of the beam. These serve the purpose of furnishing a skeleton to 
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also bind the top and bottom, of the beam together. This adds 
a positive but non-computable amount to the strength of the 
beam. 

Calculations by Diagrams of Related Factors. A very large 
proportion of concrete work is done with a grade of concrete such 
that we may call the ratio n of the moduli of the steel and the con- 
crete either 12 or 15. The working values of the stresses in the 
steel and the concrete, s and c, are determined either by public 
regulation or by the engineer’s estimate of the proper values to be 
used. The diagrams, Figs. 99 and 100, fully cover the whole range 
of practicable values for steel and for stone concrete. In the pre- 
vious problems all values have been calculated on the basis of 
formulas. By means of these diagrams all needed values, on the 
basis of the other factors, may be read from the diagram with sufli- 
cient accuracy for practical work. In addition, the diagrams 
enable one to note readily the effect of any proposed change in one 
or more factors. 

Illustrative Examples. 1. If a beam, made of concrete such 
that n = 15, is to be so loaded that when the stress in the steel {s) is 
16,000, the stress in the concrete (c) shall simultaneously be GOO, the 
steel ratio (iji) must be .00675. This is found on the diagram, Fig. 
99, for 71 = 15, by following the line 5= 16,000 to its intersection with 
the line c = 600. The intersection point, measured on the steel ratio 
scale at the bottom of the diagram, reads .00675. Also, running 
horizontally from the intersection point to the scale at the left, we 
read R = %, which is the factor for hd^ in the moment equation, 
Equation (20) . Incidentally, the corresponding values of k and j for 
this steel ratio may be obtained, with greater convenience, from 
this diagram, although they are also obtainable from the more 
general diagram. Fig. 95. 

2. Assume that, for reasons discussed on page 188, it is decided 
to increase the steel ratio to 1.2 per cent. Following the vertical 
line for steel ratio equal to .012, we find it intersects the line c = 600 at 
a point where i? = 114, but the point is about halfway between the 
lines s = 10,000 and s = 12,000, indicating that, using that steel ratio, 
the stress in the steel for a proper stress in the concrete is far less 
than the usual working stress, and that it would bo n.boiit 1 1 .000. 



3. Assume p = .004, c = 600, and n=15; liow much are R 
and s? R equals 79 and s equals 22,000, which is impracticably 
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Fig. 99. Curves Showing Values of Moment Factor R for n =15 


high. The diagram. Fig. 100, shows plainly that for low steel ratios 
the values of s are abnormally high for ordinary values of c; on the 
other hand, for high steel ratios, the ordinary values of c cannot 
utilize the full working strength of the steel. 


especially if very high, is frequently made of steel, even when the 
floors are made of concrete girders, beams, and slabs. But some- 



Fig. 100. Curves Showing Values of Moment Factor R for 7 } =12 


times even the girders and beams are made of steel and only the slab 
is made of concrete, using steel I-beams for floor girders and beams, 
and then connecting the beams with concrete floor slabs. Fig. 101. 
These are usually computed on the basis of transverse beams which 


beams, wnicJh. will add about 50 per cent to their strength. Since it 
would be necessary to move the reinforcing steel from the lower part 
to the upper part of the slab when passing over the floor beams, in 
order to develop the additional strength which is theoretically possi- 
ble with continuous beams, and since this is not usually done, it is 
by far the safest practice to consider all floor slabs as being “free- 
ended”. The additional strength, which they undoubtedly have to 
some extent because they are continuous over the beams, merely 
adds indefinitely to the factor of safety. Usually, the requirement 
that the I-beams shall be fireproofed by surrounding the beam 
itself with a layer of concrete such that the outer surface is at least 
2 inches from the nearest point of the steel beam results in having 
a shoulder of concrete under the end of each slab, which quite mate- 
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Fig. 101. Diagram Showing Method of Placing Concrete Floor Slabs on I-Beam Girders 


rially adds to its structural strength. This justifies the frequent 
practice of using the moment formula M = lU^-r-lO, which is a com- 
promise between and Wlvl2. Even this should only be 

done when the bars are run into the adjoining span far enough so 
that the bond adhesion, computed at a safe working value, will not 
exceed the tension in the steel, and also when the steel is raised to 
a point near the top of the slab over the supports. The fireproofing 
around the beam must usually be kept in place by wrapping a small 
sheet of expanded metal or wire lath around the lower part of the 
beam before the concrete is placed. 

Slabs Reinforced in Both Directions. When the floor beams of 
a floor are spaced about equally in both directions, so that they 
form, between the beams, panels which are nearly square, a material 
saving can be made in the thickness of the slab by reinforcing it with 
bars running in both directions. The theoretical computation of the 
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strength of such slabs is exceedingly complicated. The usual 
method is to estimate that the total load is divided into two parts 
such that if I equals the length of a rectangular panel and h equals 
the breadth {I being greater than, or equal to h), then the ratio of the 
load carried by the “b” bars is given by the proportion (l‘'-{-b‘^)- 
If the value of this proportion is worked out for several values of 
the ratio I :h, we have the figures given by the tabular form : 


Ratio 1 : 6 

1.0 

1.1 

1 

1.3 

1.4 

1.5 

Proportion of load 
carried by "h” 
bars 

50% 

59% 

07% 

74% 

C'' 



When I and h are equal, each set of bars takes half the load. 
When I is only 50 per cent greater than h, the shorter bars take 83 
per cent of the load and it is uneconomical to use bars for transverse 
moment in the longer direction. The lack of economy begins at 
about 25 per cent excess length, and therefore panels in which the 
proportion of length to breadth is greater than 125 per cent should 
be reinforced in the shorter direction only. Strictly speaking, the 
slab should be thicker by the thickness of one set of reinforcing bars. 

Reinforcement against Temperature Cracks. The modulus of 
elasticity of ordinary concrete is approximately 2,400,000 pounds 
per square inch, while its ultimate tensional strength is about 200 
pounds per square inch. Therefore, a pull of about r-g-u'Dij- of the 
length would nearly, if not quite, rupture the concrete. The coeffi- 
cient of expansion of concrete has been found to be almost identical 
with that of steel, or .0000065 for each degree Fahrenheit. There- 
fore, if a block of concrete were held at the ends with absolute rigid- 
ity, while its temperature W'as lowered about 12 degrees, the stress 
developed in the concrete would be very nearly, if not cpiite, at the 
rupture point. Fortunately, the ends will not usually be held with 
such rigidity; but, nevertheless, it does generally happen that, unless 
the entire mass of concrete is nermitted to exoand and contract 
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prevent the concentration of the stresses at local points, and will 
distribute it uniformly throughout the mass. 

Reinforced-concrete structures are usually provided with bars 
running in all directions, so that temperature cracks are prevented 
by the presence of such bars, and it is generally unnecessary to make 
any special provision against such cracks. The most common excep- 
tion to this statement occurs in floor slabs, which structurally require 
bars in only one direction. It is found that cracks parallel with the 
bars which reinforce the slab will be prevented, if a few bars are laid 
perpendicularly to the direction of the main reinforcing bars. Usually, 
|-inch or |-inch bars, spaced about 2 feet apart, will be sufficient to 
prevent such cracks. 

Retaining walls, the balustrades of bridges, and other similar 
structures, which may not need any bars for purely structural 
reasons, should be provided with such bars in order to prevent 
temperature cracks. A theoretical determination of the amount of 
such reinforcing steel is practically impossible, since it depends on 
assumptions which are themselves very doubtful. It is usually con- 
ceded that if there is placed in the concrete an amount of steel whose 
cross-sectional area equals about J of 1 per cent of the area of the 
concrete, the structure will be proof against such cracks. Fortu- 
nately, this amount of steel is so small that any great refinement in 
its determination is of little importance. Also, since such bars have 
a value in tying the structure together, and thus adding somewhat 
to its strength and ability to resist disintegration owing to vibra- 
tions, the bars are usually worth what they cost. 

T=BEAM CONSTRUCTION 

When concrete beams are laid in conjunction with overlying 
floor slabs, the concrete for both the beams and the slabs being laid 
in one operation, the strength of such beams is very much greater 
than their strength considered merely as plain beams, even though 
we compute the depth of the beams to be equal to the total depth 
from the bottom of the beam to the top of the slab. An explanation 
of this added strength may be made as follows : 


effective depth to the reinforcement is d. Our previous study in 
plain beams has shown us that the steel in the bottom of the beam 
takes care of practically all the tension; that the neutral axis of the 
beam is somewhat above the center of its height; that the only work 
of the concrete below the neutral axis is to transfer the stress in the 
steel to the concrete in the top of the beam; and that even in this 
work it must be assisted somewhat by stirrups or by bending up the 
steel bars. If, therefore, we cut out from the lower corners of the 
beam two rectangles, as shown by the unshaded areas, we are saving 
a very large part of the concrete, with very little loss in the strength 
of the beam, provided we can fulfil certain conditions. The steel, 
instead of being distributed uniformly throughout the bottom of 

the wide beam, is concentrated into 
the comparatively narrow portion 
which we shall hereafter call the rib 
of the beam. The concentrated ten- 
sion in the bottom of this rib must 
be transferred to the compression area 
at the top of the beam. We must 
also design the beam so that the shear- 
ing stresses in the plane mn imme- 
diately below the slab shall not ex- 
ceed the allowable shearing stress in 
the concrete. We must also provide that failure shall not occur 
on account of shearing in the vertical planes vir and ns between 
the sides of the beam and the flanges. 

Resisting Moments of T=Beams. The resisting moments of 
T-beams will be computed in accordance with straight-line formulas. 
There are three possible cases, according as the neutral axis is: (1) 
below the bottom of the slab (which is the most common case, and 
which is illustrated in Fig. 103); (2) at the bottom of the slab; or 
(3) above it. All possible effect of tension in the concrete is ignored. 
For Case I, even the compression furnished by the concrete between 
the neutral axis and the under side of the slab is ignored. Such 
compression is, of course, zero at the neutral axis; its maximum 
value at the bottom of the slab is small; the summation of its com- 
pression is evidently small; the lever arm is certainly not more than 
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Fig. 102. Diagram of T-Beam in 
Cross Section 


compared with the resisting moment due to the slab. The com- 
putations are much more complicated if it is included; the resulting 
error is a very small percentage of the true figure, and the error is on 
the side of safety. 

Case I. If c is the maximum compression at the top of the slab, 
and the stress-strain diagram is rectilinear, as in Fig. 103, then the 

compression at the bottom of the slab is c —p - -. The average com- 

Icd 


^ t Q 

pression equals | (c+c ■-— ■ -) =— {]cd—\t). The total compression 
/c (L Ic cl 

equals the average compression multiplied by the area b't; or 


C = As = h't~ {kd-lt) ( 23 ) 

kd 

The center of gravity of the compressive stresses is evidently at the 



center of gravity of the trapezoid of pressures. The distance x of 
this center of gravity from the top of the beam is given by the 
formula 

t ^^?>kd-2t 

3 ^ 2kd-t 

It has already been shown on page 185 that 

_cn_ kd 
Cs s d—kd 

Combining this equation with Equation (23), we may eliminate — 

s 

and obtain a value for kd 

, j And-\-ib't^ 

kd= : rr— 



r25) 
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If the percentage of steel is chosen at random, the beam will probably 
be over-reinforced or under-reinforced. In general it will therefore 
be necessary to compute the moment with reference to the steel and 
also with reference to the concrete, and, as before with plain beams 
(Equation 20), we shall have a pair of equations 


Mo = C{d-x) = h't {d-x) 

n (I 

Ms = A s{d— x) — 2? h'd s {d — x) 


(26) 


Case I L If we place kd = t in the equation j ust above Equation 
(25), and solve for d, we have a relation between d, c, s, n, and t, 
which holds when the neutral axis is just at the bottom of the slab. 
The equation becomes 


cn 


(27) 


A combination of dimensions and stresses which would place the 
neutral axis exactly in this position is improbable, although readily 
possible; but Equation (27) is very useful to determine whether a 
given numerical problem belongs to Case I or Case III. When the 
stresses s and c in the steel and concrete, the ratio n of the elasticities, 
and the thickness t of the slab are all determined, then the solution 
of Equation (27) will give a value of d which would bring the neutral 
axis at the bottom of the slab. But it should not be forgotten that 
the compression in the concrete (c) and the tension in the steel 
will not simultaneously have certain definite values, say c = 500 
and 5 = 16,000, unless the percentage of steel has been so chosen 
as to give those simultaneous values. When, as is usual, some 
other percentage of steel is used, the equation is not strictly applica- 
ble, and it therefore should not be used to determine a value of d 
which will place the neutral axis at the bottom of the slab and thus 
simplify somewhat the numerical calculations. For example, 
for c = 500, 5=16,000, 7i=12, and i=4 inches, d will equal 14.67 
inches. Of course this particular depth may not satisfy the require- 
ments of the problem. If the proper value for d is less than that 
indicated by Equation (27), the problem belongs to Case III; if it is 



having a base c and a height kd which is less than t. The center of 
compression is at J the height from the base, or x equals } k d. Equa- 
tions (1 7) to (20) are applicable to this case as well as to Case II, which 
may be considered merely as the limiting case to Case III. But it 
should be remembered that b' refers to the width of the flange or 
slab, and not to the width of the stem or rib. 

Width of Flange. The width h' of the flange is usually con- 
sidered to be equal to the width between adjacent beams, or that 
it extends from the middle of one panel to the middle of the next. 
The chief danger in such an assumption lies in the fact that if the 
beams are very far apart, they must have corresponding strength 
to carry such a floor load, and the shearing stresses between the rib 
and the slab will be very great. The method of calculating such 
shear will be given later. It sometimes happens (as illustrated on 
page 227), that the width of slab on each side of the rib is almost 
indefinite. In such a case we must arbitrarily assume some limit. 
Since the unit shear is greater for short beams than for long beams, 
the slab thickness should bear some relation to the span of the beam. 
The building code specifications for New York City limit the width 
on each side of the beam to not greater than one-sixth of the beam 
span, and not greater than six times the slab thickness. If the 
width of the rib is twice the slab thickness, this rule permits the 
width of flange b' to be fourteen times the slab thickness, and some- 
thing over one-third of the beam span, whichever is least. If the 
compression is computed for two cases, both of which have the same 
size of rib, same steel, same thickness of slab, but different slab 
widths, it is found, as might be expected, that for the narrower slab 
width the unit compression is greater, the neutral axis is very slightly 
lower, and even the unit tension in the steel is slightly greater. 
No demonstration has ever been made to determine any limitation 
of width of slab beyond which no compression would be developed by 
the transverse stress in a T-beam rib under it. It is probably safe to 
assume that it extends for six times the thickness of the slab on each 
side, of the rib. If the beam as a whole is safe on this basis, then it 
is still safer for any additional width to which the compression may 
extend. 

Width of Rib. Since it is assumed that all of the compression 



to transfer the tension in the steel to the slab, to resist the shearing 
and web stresses, and to keep the bars in their proper place. The 
width of the rib is somewhat determined by the amount of reinforcing 
steel which must be placed in the rib, and whether it is desirable to 
use two or more rows of bars instead of merely one row. As indi- 
cated in Fig. 102, the amount of steel required in the base of a 
T-beam is frequently so great that two rows of bars are necessary in 
order that the bars may have a sufficient spacing between them so 
that the concrete will not split apart between the bars. Although 
it would be difficult to develop any rule for the proper spacing 
between bars without making assumptions which are perhaps doubt- 
ful, th» following empirical rule is frequently adopted by designers : 
The ininimwm spacing between bars, center to center, should be 
two-and-a-quarter times the diameter of the bars. Fire insurance 
and municipal specifications usually require that there shall be one- 
and-a-half to two inches clear outside of the steel. This means that 
the beam shall be three or four inches wider than the net width 
from out to out of the extreme bars. The data given in Table XXIV 
will therefore be found very convenient, since, when it is desired to 
use a certain number of bars of given size, a glance at the table will 
show immediately whether it is possible to space them in one row; 
and, if this is not possible, the necessary arrangement can be very 
readily designed. For example, assume that six |-inch bars are to 
be used in a beam. The table shows immediately that, following the 
rule, the required width of the beam will be 14.72 inches; but if, 
for any reason, a beam 11 inches wide is considered preferable, the 
table shows that four |-inch bars may be placed side by side, leaving 
two bars to be placed in an upper row. Following the same rule 
regarding the spacing of the bars in vertical rows, the distance 
from center to center of the two rows should be 2. 25 X. 875, or 1.97 
inches, showing that the rows should be, say two inches apart center 
to center. It should also be noted that the plane of the center of 
gravity of this steel is at two-fifths of the distance between the bars 
above the lower row, or that it is .8 inch above the center of the 
lower row. 

Examples. 1. Assume that a 5-inch slab is supporting a load on beams 
spaced 5 feet apai’t, the beams having a span of 20 feet. Assume that the moment 


TABLE XXIV 


Required Width of Beam, Allowing 2^/4Xrf, for Spacing, Center to 
Center, and 2 Inches Clear on Each Side 

n= number of bars; (i= diameter 
Formula: Width = (?i — 1) 2.25cZ+ci+4: = 2.25 nd — 1.25d+4 


No. OF 
Barb 

4-in. 

Bar 

f-IN. 

Bar 

-i-iN. 

Bar 

5-in. 

Bar 

1-IN. 

Bar 

15-in 

Bar 

li-iN. 

Bar 


Inches 

Inches 

Inches 

Inches 

Inches 

Inches 

Inches 

2 

5.62 

6.03 

6.44 

6.84 

7.25 

7.66 

8.06 

3 

6.75 

7.44 

8.13 

8.81 

9.50 

8.19 

10.87 

4 

7.87 

8.84 

9.81 

10.78 

11.75 

12.72 

13.68 

5 


10.25 

11.50 

12.75 

14.00 

15.25 

16.50 

6 

10.12 

11.65 

13.19 

14.72 

16.25 

17.78 

19.31 


11.25 

13.06 

14.87 

16.68 

18.50 

20.31 

22.12 


12.37 

14.46 

16.56 

18.65 

20.75 

22.84 

24.94 


13.50 

15.87 

18.25 

20.62 

23.00 

25.37 

27.75 

U 

14.62 

17.28 

19.94 

22.59 

25.25 

27.90 

30.56 


Note. For side protection of only one and one-half inches, deduct one inch from above 
figures. 

dimensions of the beam if the concrete is not to have a compression greater 
than 600 pounds per square inch and the tension of the steel is not to be greater 
than 16,000 pounds per square inch? 

Solution. There are an indefinite number of solutions to this problem. 
There are several terms in Equation (26) which are mutually dependent; it is 
therefore impracticable to obtain directly the depth of the beam on the basis 
of assuming the other quantities; therefore, it is only possible to assume figures 
which experience shows will give approximately accurate results, and then test 
these figures to see whether all the conditions are satisfied. Within limitations, 
we may assume the amount of steel to be used, and determine the depth of 
beam which wHl satisfy the other conditions, together with that of the assumed 
area of steel. For example, we shall assume that six i-inch square bars having 
an area of 4,59 square inches will be a suitable reinforcement for this beam. 
We shall also assume as a trial figure that x equals 1.5. Substituting these 
values in the second formula of Equation (26), we may write the second formula 

900,000 = 4.59X16,000(d~1.5) 

Solving for d, we find that d equals 13.75. If we test this value by means of 
Equation (27), v/e shall find that, substituting the values of t, c, n, and s in 
Equation (27), the resulting value of d equals 16.11. This shows that if we 
make the depth of the beam only 13.75, the neutral axis will be within the slab, 
and the problem comes under Case III, to wliich we must apply Equation (20), 
Dividing the area of the steel 4.59 by (b'Xd), we have the value of p equals 
.00556. Interpolating with this value of p in Table XVII, we find that when 
n equals 12, k = .303; /cd = 4.17; a: = 1.39; andjd! = 12.36. Substituting these 
values in Equation (20), we find that the moment 900,000 equals 1.545 c, or that 
c equals 582 pounds per square inch. This shows that the unit compression of 










in the second part of Equation (20), we find that the stress in the steel s equals 
about 15,860 pounds per square inch. 

2. Assume that a floor is loaded so that the total weight of live and dead 
load is 200 pounds per square foot; assume that the T-beams are to be 5 feet 
apart, and that the slab is to be 4 inches thick; assume that the span of the 
T-beams is 30 feet. Find the dimensions of the beams. 

Solution. We have an area of 150 square feet to be supported by each 
beam, which gives a total load of 30,000 pounds on each. The moment at the 
center of such a beam will equal the total load times one-eighth of the span (in 
inches), or 1,350,000 inch-pounds. As a trial value, we shall assume that the 
beam is to be reinforced with six ^-inch square bars, which have an area of 3.375 
square inches. Substituting this value of the area in the second part of Equation 
(26), and assuming that s equals 16,000 pounds per square inch, we find as an 
approximate value for d—x, that it will equal 25 inches. This is very much 
greater tlian the value of d that would be found from substituting the proper values 
in Equation (27), so that we know at once that the problem must be solved 
by the methods of Case I. For a 4-inch slab, the value of x must be somewhere 
between 1.33 and 2.0. As a trial value, we may call it 1.5, and this means that 
d will equal 26.5. Assuming that this slab is to be made of concrete using a 
value for n equal to 12, we know all the values in Equation (25), and may solve 
for kd, which we find to equal 5.54 inches. As a check on the approximations 
made above, we may substitute this value of kd, and also the value of t in Equa- 
tion (24), and obtain a more precise value of x, which we find to equal 1.62. 
Substituting the value of the moment and the other known quantities in the 
upper formula of Equation (26), we may solve for the value of c, and obtain 
the value of 352 pounds per square inch. This value for c is so very moderate 
that it would probably be economy to assume a lower value for the area of 
the steel, and increase the unit compression in the concrete; but this solution 
will not be worked out here. 

Calculations by Approximate Formulas. A great deal of 
T-beam computation is done on the basis that the center of pressure 
of the concrete is at the middle of the slab and, therefore, that the 
lever arm of the steel equals d—\t. From these assumptions we 
may write the approximate formula 

M, = As{d-^t) (28) 

If the values of Ms and s are known or assumed, we may assume a 
reasonable value for either A ov d--\t and calculate the correspond- 
ing value of the other. On the assumption that the slab takes all 
the compression, the distance between the steel and the center of 
compression of the concrete varies between d~\t and d—.l4:t, 
which is the approximate value when the beam becomes so small that 
it merges into the slab. The smaller value d—\t is the absolute 

limit which is never reached. Therefore the lever arm ic; 
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larger than d—\t. Therefore, if we use Equation (28) to compute 
the area of steel A for a definite moment Mg and unit steel tension s, 
the resulting value of A for an assumed depth d, or the resulting 
value of d for an assumed area A, will be larger than necessary. In 
either case the result is safe, but not economically so. 

As an illustration, using the values in Example 2, above of 
ikfs= 1,350,000; 5=16,000; (d— |i)=26.5 — 2 or 24.5, the resulting 
value of A equals 3.44 square inches, which is larger than the more 
precise value previously computed. 

Equation (28) is particularly applicable when the neutral axis is 
in the rib. Under this condition, the average pressure on the con- 
crete of the slab is always greater than | c, or at least it is never less 
than As before explained, the average pressure just equals 
when the neutral axis is at the bottom of the slab. We may, there- 
fore, say that the total pressure on the slab is always greater than 
We therefore write the approximate equation 

Mc = hch't{d~\t) (29) 

As before, the values obtained from this (equation are safe, but are 
unnecessarily so. Applying them to Example 2, by substituting 
Me = 1,350,000, 6' = G0, i = 4, and d— |i = 24.5, we compute c = 459. 
But we know that this approximate value of c is greater than the 
true value; and if this value is safe, then the true value is certainly 
safe. The more accurate value of c, computed in the example 
cited, is 352. If the value of c in Equation (29) is assumed, and 
the value of d is computed, the result is a depth of beam unnec- 
essarily great. 

If the beam is so shallow that we may know, even without the 
test of Equation (27), that the neutral axis is certainly within the 
slab, then we may know that the center of pressure is certainly less 
than 1 1 from the top of the slab, and that the lever arm is certainly 
less than d—\t; and we may therefore modify Equation (28) to read 

Ms = As{d-lt) (30) 

Applying this to Example 1, and substituting Mg = 900,000, 
5 = 16,000, d-Ji = (13.75-1.67) = 12.08, we find that A = 4.65, 
instead of the 4.59 previously computed. This again illustrates 
that the formula gives an excessively safe value, although in this 


the steel and the concrete are safe. It is impracticable to form a 
simple approximate equation corresponding to Equation (30), which 
will express the moment as a function of the compression in the con- 
crete. Fortunately it is unnecessary, since, when the neutral axis 
is within the slab, there is always an abundance of compressive 
strength. 

Shearing Stresses between Beam and Slab. Every solution 
for T-beam construction should be tested at least to the extent of 
knowing that there is no danger of failure on account of the shear 
between the beam and the slab, either on the horizontal plane at the 



Fig. 104. Diagram Showing Analysis of Stresses in T-Beam 


lower edge of the slab, or in the two vertical planes along the two 
sides of the beam. Let us consider a T-beam such as is illustrated 
in Fig. 104. In the lower part of the figure is represented one-half of 
the length of the flange, which is considered to have been separated 
from the rib. Following the usual method of considering this as a 
free body in space, acted on by external forces and by such internal 
forces as are necessary to produce equilibrium, we find that it is acted 
on at the left end by the abutment reaction, which is a vertical force, 
and also by a vertical load on top. We may consider P’ to represent 
the summation of all compressive forces acting on the flanges at the 
center of the beam. In order to produce equilibrium, there must be 
a shearing force acting on the under side of the flange. We represent 
this force by Sh. Since these two forces are the only horizontal 
forces, or forces with horizontal components, which are acting on 
this free body in space, P' must equal Sh- Let us consider z to 




represent the shearing force per unit of area. We know from tlie 
laws of mechanics that, with a uniformly distributed load on the beam, 
the shearing force is maximum at the ends of the beam, and dimin- 
ishes uniformly towards the center, where it is zero. Therefore the 
average value of the unit shear for the half length of the beam must 
equal As before, we represent the width of the rib by h. For 
convenience in future computations, we shall consider L to repre- 
sent the length of the beam, measured in feet. All other dimensions 
are measured in inches. Therefore the total shearing force along 
the lower side of the flange will be 

Sh = lzXhXlLxl'2 = 3hzL ( 31 ) 

There is also a possibility that a beam may fail in case the flange, 
or the slab, is too thin; but the slab is always reinforced by bars 
which are transverse to the beam, and the slab will be placed on both 
sides of the beam, giving two shearing surfaces. 

Numerical Illustration. It is required to test the beam which 
was computed in Example 1. Here the total compressive stress 
in the flange equals |c67i:d=|X582x60X4.17 = 72,808 pounds. 
But this compressive stress measures the shearing stress 8h 
between the flange and the rib. This beam requires six |-inch 
bars for the reinforcement. We shall assume that the rib is to 
be 11 inches wdde, and that four of the bars are placed in the 
bottom row, and two bars about 2 inches above them. The effect 
of this will be to deepen the beam slightly, since d measures the 
depth of the beam to the center of the reinforcement, and, as already 
computed numerically on page 220, the center of gravity of this 
combination will be tV of an inch above the center of gravity of the 
lower row of bars. Substituting in Equation (31) the values 
8';i = 72,808, 6 = 11, and L=20, we find for the unit value of sllO 
pounds per square inch. This shows that the assumed dimensions 
of the beam are satisfactory in this respect, since the true shearing 
stress permissible in concrete is higher than this. 

But the beam must be tested also for its ability to withstand 
shear in vertical planes along the sides of the rib. Since the slab in 
this case is 5 inches thick and we can count on both surfaces to with- 
stand the shear, we have a width of 10 inches to withstand the shear 


unit shear would, therefore, be i|- of the unit shear on the underside 
of the slab, or 121 pounds per square inch. This is at or beyond 
the limit, 120 pounds, but danger of failure in this respect is 
avoided by the fact that the slab contains bars which are inserted 
to reinforce it, and which have such an area that they will 
effectively prevent any shearing in this way. 

Testing Example 2 similarly, we may find the total compression 
C from Equation (23), which equals 5 = 3.375X10,000 = 54,000 
pounds. The steel reinforcement is six |-inch bars, and from 
Table XXIV we find that if placed side by side, the beam must be 
13.19 inches in width, or, in round numbers, 13| inches. Sh = 54,000, 
6 = 13.25, L = 30; therefore, from Equation (31), 2 = 45 pounds per 
square inch. Such a value is of course perfectly safe. The shear 
along the sides of the beam will be considerably greater, since the 
slab is only four inches thick, and twice the thickness is but 8 inches ; 
therefore, the maximum unit shear along the sides will equal 45 
times the ratio of 13.25 to 8, or 75 pounds per square inch. Even 
this would be perfectly safe, to say nothing of the additional shearing 
strength afforded by the slab bars. 

Shear in a T=Beam. The shear here referred to is the shear of 
the beam as a whole on any vertical section. It does not refer to 
the shearing stresses between the slab and the rib. 

The theoretical computation of the shear of a T-beam is a very 
complicated problem. Fortunately, it is unnecessary to attempt 
to solve it exactly. The shearing resistance is certainly far greater 
in the case of a T-beam than in the case of a plain beam of the same 
width and total depth and loaded with the same total load. There- 
fore, if the shearing strength is sufl&cient, according to the rule, for 
a plain beam, it is certainly sujQScient for the T-beam. In Example 
1, page 220, the total load on the beam is 30,000 pounds; therefore, 
the maximum shear V at the end of the beam is 15,000 pounds. 
In this particular case, jd equals 12.36. For this beahi, d equals 
13.75 inches and b equals 11 inches. Substituting these values in 
Equation (22), we have 


^ = 


V 15,000 


bijd) 11X12.36 


= 113 lb. per sq. in. 
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more than double the allowable direct tension, 40, due to the diag- 
onal stresses and, therefore, ample reinforcement must be provided. 
If only two of the |-inch bars are turned at an angle of 45° at the 
end, these two bars will have an area of 1.54 square inches, and will 
have a working tensile strength (at the unit stress of 16,000 pounds) 
of 24,640 pounds. This is more than the total vertical shear at the 
ends of the beam, and a pair of turned-up bars would therefore take 
care of the shear at that point. But considering that stirrups 
would be used on a beam of 20-foot span, it will be very easy to design 
these stirrups to provide for this shear, as was explained on page 207. 

Numerical Illustration of Slab, Beam, and Girder Construction. 
Assume a floor construction as outlined in skeleton form in Fig. 105. 
The columns are spaced 16 feet by 20 feet. Girders which support 
the alternate rows of beams connect the columns in the 16-foot 
direction. The live load on the floor is 150 pounds per square foot. 
The concrete is to be 1:2:4 mixture, with ?i = 12 and c = 600. 
Required the proper dimensions for the girders, beams, and slab. 

Slab. The load on the girders may be computed in either one of 
two ways, both of which give the same results. We must consider 
that each beam supports an area of 8 feet by 20 feet. We may there- 
fore consider that girder d supports the load of h (on a floor area 8 feet 
by 20 feet) as a concentrated load in the center. Or, we may consider 
that, ignoring the beams, the girder supports a uniformly distributed 
load on an area 16 feet by 20 feet. The moment in either case is the 
same. Assume that we shall use a 1 per cent reinforcement in the 
slab. Then, from Table XVIII, with n = l2 and p = .01, we find 
that k = .d85; then x = ,128d, ot jd=. 872 d. As a trial, we estimate 
that a 5-inch slab (or d=4) will carry the load. This will weigh 60 
pounds per square foot, and make a total live and dead load of 210 
pounds per square foot. A strip one foot wide and 8 feet long 
will carry a total load of 1,680 pounds, and its moment will be ^ X 
1,680X9.6 = 20,160 inch-pounds. Using the first half of Equa- 
tion (20), we can substitute the known values and say that 

20,160 = X 600 X 1 2 X .385 d X .872 d 
= 1,209 d2 
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In this case the span of the slab is considered as the distance from 
center to center of the beams. This is evidently more exact than to 
use the net span — which equals 8 feet, less the still unknown width 
of beam — since the true span is the distance between the centers of 
pressure on the two beams. It is probable that the true span (really 
indeterminable) will be somewhat less than 8 feet, which would 
probably justify using the round value of d=4 inches and the-slab 
thickness as 5 inches, as first assumed. The area of the steel per 
inch of width of slab equals 2 :* &d=. 01X1X4.08 = .0408 square inch. 
Using |-inch round bars whose area equals .1963 square inch, the 

required spacing of the bars will 
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be .1963-^.0408 = 4.81 inches. As 
shown later, the girder will be 
11 inches wide and the net 'widtli 
of the slab is 240 inches — 11 
inches = 229 inches. 229-T-4.81 
= 47.6; call it 48, the number 
of bars to be spaced equally in 
one panel. (See page 199.) 

Beam. The load on a beam 
is that on an area of 8 feet by 20 
feet, and equals 8X20X210, or 
33,600 pounds for live and dead load. As a rough trial value, we 
shall assume that the beam will be 12 inches wide and 15 inches 
deep below the slab, or a volume of 1 X 1 -25 X 20, or 25 cubic feet, 
which will weigh 3,600 pounds. Adding this, we have 37,200 
pounds as the total live and dead load carried by each beam. The 


Fig. 105. Skeleton Outline of Floor Panel 
Showing Slab, Beam, and Girder Con- 
struction 


load is uniformly distributed and the moment is 
1 


il/ = -A X 37,200 X240 = 1,1 16,000 in.-lb. 
8 


We shall assume that the beam is to have a depth d to the reinforce- 
ment of 22 inches, and shall utilize Equation (30) to obtain an 
approximate value for the area. Substituting the known quantities 
in Equation (30), we have 

1 , 1 16,000 = A X 16,000 X (22 - 1 .67) 

A = 3.43 sq. in. 


percentage of steel is always very small. In this case, 2J = 3.43-f- 
(96X22) = .00162, Such a value is beyond the range of those given 
in Table XVII, and therefore we must compute the value of k from 
Equation ( 14 ), and we find A; = .180 and kd=3.%, w^hich shows 
that the neutral axis is within the slab; x = ^Jcd = 1.32, and there- 
fore = 20.68. Assume that b' equals fourteen times the slab 
thickness, or 70 inches; see page 219. Substituting these values in 
the upper part of Equation (20) in order to find the value of c, we 
find that c = 390 pounds per square inch. Substituting the known 
values in the second half of Equation (20), in order to obtain a more 
precise value of s, we find that 5=15,734 pounds per square inch. 

The required area (3.43 square inches) of the bars will be afforded 
by six |-inch round bars (6 X. 60 = 3. 60) with considerable to spare. 
From Table XXIV we find that six |-inch bars, either square or 
round, if placed in one row, would require a beam 14.72 inches 
wide. This is undesirably wide, and so we shall use two rows, three 
in each row, and make the beam 9 inches wide. This will add an 
inch to the depth, and the total depth will be 22 -f 3, or 25 inches. 
The concrete below the slab is therefore 9 inches wide by 20 inches 
deep, instead of 12 inches wide by 15 inches deep, as assumed when 
computing the dead load, but the weight is the same. It should 
also be noted that the span of these beams was considered as 20 
feet, which is the distance from center to center of the columns (or 
of the girders). This is certainly more nearly correct than to use the 
net span between the columns — or girders — which is yet unknown, 
since neither the columns nor the girders are yet designed. There 
is probably some margin of safety in using the span as 20 feet. 

Girder. The load on one beam is computed above as 37,200 
pounds. The load on the girder is, therefore, the equivalent of this 
load concentrated at the center, or of double the load (74,400 pounds) 
uniformly distributed. Assuming for a trial value that the girder 
will be 12 inches by 22 inches below the slab, its weight for sixteen 
feet will be 4,224 pounds. This gives a total of 78,624 pounds as 
the equivalent total live load and dead load uniformly distributed 
over the girder. Its moment in the center, therefore, equals 
I X 78,624X192 = 1,886,976 inch-pounds. 

The width of the slab in this case is almost indefinite, being 
20 feet, or forty-eight times the thickness of the slab. We shall 



therefore assume that the compression is confined to a width of 
fourteen times the slab thickness, or that h' = 70 inches. Assume for 
a trial value that d = 25 inches; then from Equation ( 30 ), if 5 = 16,000, 
we find that A = 5.05 square inches. Then p = . 00288; and, from 
Equation ( 14 ), /c = .231 and kd=5.775. This shows that the 
neutral axis is below the slab, and that it belongs to Case I, page 
217. Checking the computation of kd from Equation ( 35 ), we 
compute Z:d= 5.82, which is probably the more correct value because 
computed more directly. The discrepancy is due to the dropping 
of decimals during the computations. From Equation ( 24 ), we 
compute that ic = 1.87, then (d— a;) =23.13. Substituting the value 
of the moment and of the dimensions in the upper part of Equation 
(26), we compute c to be 409 pounds per square inch. Similarly, 
making substitutions in the lower part of Equation ( 26 ), using the 
more precise value of d—x for the lever arm of the steel, we find 
5 = 16,052 pounds per square inch. The student should verify in 
detail all these computations. 

The total required area of 5.08 square inches may be divided 
into, say 8 round bars | inch in diameter. These would have an 
area of 4.81 square inches. The discrepancy is about five per cent. 
Using the eight round |-inch bars, the unit stress would be nearly 
17,000 pounds. If this is considered undesirable, a more exact area 
may be obtained by using six |-inch round bars and two 1-inch 
round bars. The area would be 5.18 square inches, somewhat in 
excess of that required. These bars, placed in two rows, would 
require that the beam should be at least 10.78 inches wide. We 
shall call it 11 inches. The total depth of the beam will be 3 
inches greater than d, or 28 inches. This means 23 inches below 
the slab, and the area of concrete below the slab is, therefore, 11X23, 
or 253 square inches, rather than 12x22, or 264 square inches, as 
assumed for trial. 

Shear. The shearing stresses between the rib and slab of the 
girder are of special importance in this case. The quantity Sh, page 
224, equals the total compression in the concrete, which equals the 
total tension in the steel, which equals, in this case, 16,052x5.08, or 
81,544 pounds. This equals dbzL,m which h equals 11, L equals 16 
(feet), and z is to be determined. 
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This measures the maximum shearing stress under the slab and is 
almost safe, even without the assistance furnished by the stirrups and 
the bars, which would come up diagonally through the ends of the 
beam' — where this maximum shear occurs — nearly to the top of the 
slab. The vertical planes on each side of the rib have a combined 
width of 10 inches, and therefore the unit stress is X154, or 169 
pounds per square inch. This is a case of true shear, though it is 
somewhat larger than the permissible working shear. But there are 
still other shearing stresses in these vertical planes. Considering a strip 
of the slab, say one foot wide, which is reinforced by slab bars that 
are parallel to the girder, the elasticity of such a strip (if disconnected 
from the girder) would cause it to sag in the center. This must be 
prevented by the shearing strength of the concrete in the vertical 
plane along each edge of the girder rib. On account of the combined 
shearing stresses along these planes, it is usual to specify that when 
girders are parallel with the slab bars, bars shall be placed across 
the girder and through the top of the slab for the special purpose of 
resisting these shearing stresses. Some of the stresses are indefinite, 
and therefore no precise rules can be computed for the amount of 
the reinforcement. But since the amount required is evidently very 
small, no great percentage of accuracy is important. Specifications 
on this point usually require f-inch bars, 5 feet long, spaced 12 
inches apart. 

The shear of the girder, taken as a whole, should be computed 
as for simple beams, as already discussed on page 226; and stirrups 
should be used, as described on page 207. 

Another special form of shear must be considered in this prob- 
lem. Where the beams enter the girders there is a tendency for 
the beams to tear their way out through the girder. . The total load 
on the girder by the two beams on each side is of course equal to the 
total load on one beam, and equals 37,200 pounds. Some of the 
reinforcing bars of the beam will be bent up diagonally so that they 
enter the girder near its top, and therefore the beam could not tear 
out without shearing through the girder from near its top or for a 
depth of, say 22 inches (3 inches less than d). If there were no 
reinforcing steel in the girder and enough load were placed on the 
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and the other dimension, which is the 
width of the girder rib, 11 inches, there 
is an area of 484 square inches, and at 40 
pounds working tension, it could safely 
carry a load of 19,360 pounds. But the 
total load, as shown above, is 37,200 
pounds. The steel reinforcement of the 
girder is, therefore, essential to safety. 
Although the main reinforcing bars of the 
girder would have to be torn out before 
complete failure could take place, the resistance to a small displace- 
ment, perpendicular to the bars, is comparatively small, and there- 
fore these bars should not be depended on to resist this stress. But 



Fig. 106. Details of Reinforce- 
ment at Junction of Beam and 
Girder 



Fig. 107. Detail of Complete Floor Panel 


a pair of ordinary vertical stirrups hh, Fig. 106, passing under 
the main girder bars can easily be made of such size as to take any 
desired portion, or all, of that load. The stirrups should be bent at 
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the upper end so that the strength of the bars may be developed 
without dependence upon bond adhesion. Although precise numer- 
ical calculations are impossible without making assumptions which 
are themselves uncertain, the following calculation is probably 
safe. 37,200 — 19,360=17,840; for s equals 16,000, the required 
area would be 1.115 square inches. Two pairs of stirrups would 
give four bar areas which could each be 0.28 square inch, provided 
by f-inch round bars. Fig. 107 shows assembled details. 

FLAT=SLAB CONSTRUCTION* 

Outline of Method. The so-called “flat-slab method” has the 
advantages that (a) there is a very considerable saving in the required 
height (and cost) of the building on the basis of a given net clear 
height between floors; (b) the architectural appearance is improved 
by having a flat ceiling surface rather than visible beams and gird- 
ers; (c) there is a saving in the cost of forms, not only in surface 
area and amount of lumber required but also in simplicity of con- 
struction, although this saving is offset by an increase in total vol- 
ume of concrete used; (d) there are no deep ceiling beams to cast 
shadows and it is possible to extend the windows up to the ceiling, 
which are important items in the lighting of a factory building. 
Almost the only disadvantage is the difficulty in making perfectly 
definite and exact computations of the stresses, as may be done for 
simple beams and slabs. But methods of computation have been 
devised which, although admittedly approximate, will produce 
designs for economical construction, and structures so designed 
have endured, without distress, test loads considerably greater than 
the designed working loads. 

Consider, first, a simple beam, as in Fig. 108-a, the beam being 
continuous over the supports and uniformly loaded for the distance 
I between the supports with a load amounting to IF. Then the 
maximum moment is located just over the supports and equals 
Wl-^12. Another local maximum, equal to lFZ-^24, is found at 
the center. Points of inflection are at .211 1 from each column. 

Assume that a uniformly loaded plate of indefinite extent is 
supported on four columns, A, B, C, and D, Fig. 108-6, the exten- 


plate just over the columns 


Wl m 

/Z 12 



Fig. lOS, Diagrams Showing Details of “Flat- 
Slab” iSIethod of Floor Construction 


umn head should be about 25 


I be horizontal. Then the fol- 
lowing conditions may be ob- 
served: 

(1) The plate will be convex 
upward over the columns; 

(2) the plate will be con- 
cave upward at the point 0 in 
the center; 

(3) there will be curves of 
inflection, approximately as 
shown by the dotted curves 
sketched in around the columns; 
from the analogy of the simple 
beam, given above, we may as- 
sume that the curves of inflection 
are approximately at 21 per cent 
of the span in every direction 
from the columns. 

The columns at the top are 
made with enlarged sections so 
as to form a “column head” — 
which is generally in the form of 
a frustum of an inverted pyra- 
mid or cone, the base being a 
circle, a square, or a regular 
polygon. 

This device shortens the clear 
span and decreases the moment. 
It also increases the size of the 
hole which the column tends to 
punch through the plate and 
hence increases the surface area 
which resists this punching shear, 
and thus decreases the unit 
shear. The diameter of the col- 
cent of the span between column 


centers. 
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forcing bars have been devised, and some of them patented. The 
methods may be classified as follows: (1) “Four-way” method, in 
which the bars run not only in lines parallel to the sides of the 
rectangles joining the column heads, but also parallel to the diag- 
onals; (2) “two-way” method, in which there are no diagonal 
bars; and (3) designs which have, in addition to the bands of 
straight bars from column to column, spirals or a series of rings 
around the column heads for the specific purpose of providing for 
the “circumferential tension, or moment”. This circumferential 
tension unquestionably exists, but those who use the first two 
methods claim that the gridiron of bars formed over the column by 
the two-way method, and still more so by the four-way method, 
develops plate action, and that the circumferential stress is amply 
provided for. 

It is a simple matter of geometry to prove that if bands 
of bars of width 6, Fig. 108-6, are placed across columns which 
form square panels with span Z, the width 6 must equal .414 Z, 
if the bands exactly cover the space without leaving either 
gaps or overlaps at m, n, o, and p. The bands may be a little 
narrower than this, say 6 equals .4Z, provided the gaps are not 
much, if any, greater than the spacing of the bars. On the other 
hand, the bands should not be wider than twice the diameter of 
the column head. Fig. 108-c shows that, using the four-way system 
and with 6 equal to .414 Z, every part of the slab has at least one 
layer of bars, some parts have two, some three, and that there are 
four layers of bars over each column. This is where the moment is 
maximum. 

Method of Calculation. One of the simplest methods of calcu- 
lation, which probably gives a considerable but undeterminate 
excess of strength, is to consider the bands as so many simple con- 
tinuous beams, which are wide but shallow. Consider a direct band 
of width 6, equal to .4Z, the word direct being used in contradistinc- 
tion to diagonal. If w is the unit dead and live load per square foot, 
and s the net span between column heads, then the total load on the 
band is Computed as a simple continuous beam, the 

moment in the center would be (.4wZ5) 5-^24, and that over the 
columns would be {.4:iols)s-^12. By prolonging the steel bars of 
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adjoining bands sufficiently over a column head so that the bond 
adhesion is sufficient to develop the full tension over the column 
head, the total effective area of steel in that band over the column 
head is double what it is in the center. Practically, this means that 
the steel should extend to the point of inflection, beyond the column 
head or that its length should be 42 per cent longer than the distance 
between column centers. Then, on the principle of T-beam flanges, 
it is assumed that the concrete above the neutral axis for a width 
of (&+5^) maybe computed as taking the compression. For the 
diagonal bands, the load is wX.4ZXl.4]46‘= .5G5icZ.s', and then, 
considering that a considerable part of the area of the diagonal 
bands includes that already covered by the direct bands, and also 
that the diagonal bands both support a square in the center which 
is one-half of the area lying inside of the direct bands, the moment 
for the central area is divided between the two diagonal bands and 
thatforeach is considered to be {.SQlSwlsXlAl-is) -^4:^ = .01C)Qwls^. 
As before, the moment over the columns for these bands is twice 
as much, but the steel for the double moment may be obtained, 
as before, by lapping the bars of adjoining diagonal bands over the 
columns. The area of a panel, outside of the column heads, which 
are here assumed to be square, is When the column 

head is 25 per cent of I, then (l—s) = 1 1 and the area of the panel is 
ffP, or .9375 P; and the total effective load causing moment on a 
panel is fF=.9375wP. If we eliminate s and lu from the above 
moment equations, we have 

Moment at center, direct band = 

24 24 384 

100 ■ 

Moment over cap, direct band = (double the above) = JFl-h50 
Moment at center, diagonal band= .0166 100 
Moment over cap, diagonal band = (double the above) = TF^-r- 50 

Illustrative Example. Assume a live load of 200 pounds per 
square foot on a square panel 22 feet between column centers. A 
working rule is that the thickness of the slab should be at least -jV of 
the sDfl.n ! -wK nf 9 . 9 . fppt nr m ic’ Q Q \'XT r-. 


per square foot. Therefore, w = 320 and W = iv /.® = rl X 320 X 22^ = 
145,200. Then the moment at the center of a direct band equals 
W l-^ 100 = (145,200 X 264) 100 = 383,328 inch-pounds, and the 

monient for that band over the column is 766,656 inch-pounds. 
The width of each band 6 is .4 f=. 4X264= 105.6 inches. Assume 
that the steel for one of the bands is placed at 8.5 inches from 
the compression face, or that d equals 8.5; estimate j equals .91; 
then 

M = ‘pbdsjd 

= PX105.6X8.5X16,000X.91X8.5 
= 383,328 

from which 


2) = .00345 


From Table XVIII, we may note that for n equals 15 and p equals 
.00345, j would be about .91. This checks the assumed value. 
Then 

A.=p6d=.00345Xl05.6x8.5 = 3.10 sq. in. 


This may be amply provided by 13 bars | inch square. 105.6 -j- 12, 
or about 9 inches, gives the spacing of the bars. Although 
doubling p changes the value of j and will not exactly double 
the moment, yet it will be sufficiently exact to say that double 
the moment will be obtained over the cap by prolonging the 
13 bars of each of the two direct bands in the same line over 
the columns as far as the circle of inflection, thus doubling the 
area of the steel. The student should work this out as an exer- 
cise. Double p and find the corresponding value of j from Table 
XVIII; use the actual area of the 26 bars for the value of A, 
and compute M from A sj d. On account of the slight excess in 
the area of the 26 bars here used, the moment is a little more 
than necessary. 

Location of Bars. There are four layers of bars over the column 
head and it is evident that they cannot all lie in the same plane or 
be at the same distance from the compression face. For the layer 
of bars considered above, d was assumed at 8.5, the maximum per- 
missible vdth a 10-inch slab. For the next row deduct | inch, the 

J 1 • 1 - 1 . 1 1 J lor, n* xl _ L 
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the same, and d is reduced, then p must be increased and j" will be 
less. Assume j equals .90; then 

M—'phdsjd 

= p X 105.6 X8 X 16,000 X .9 X8 
= 383,328 

from which 

p = .00394 

This is a little more than for the other band, as was expected. Then 
yl=p5d=3.33 square inches, provided by 14 bars | inch square. 
Similarly, it may be shown that reducing d another half-inch for the 
next layer will add another bar, making 15 bars for the third layer 
and 16 bars for the fourth layer. Since the computed moments for 
the direct and diagonal bands is the same for the center of the band, 
and since the diagonal bands are the longer, there will be some 
economy in giving them the advantageous position in the slab 
(larger values of d) and using 13 and 14 bars for the diagonal bands 
and 15 and 16 bars for the direct bands. The above variation in 
the number of bars with the change in d indicates the importance of 
placing the steel exactly as called for by the plans. The design 
might be made a little more symmetrical, and more foolproof dur- 
ing construction by using 14 bars in each of the diagonal bands 
and 16 bars in each of the direct bands, and then being sure that 
the direct bands are under the diagonal bands where they pass over 
the column heads. 

Unit Com'pression. The unit compression may be computed 
from the equation 

M=lcb'kdjd 

For the concrete compression, we may call 6' = 105.6-1-5^ = 105.6-j- 
50= 155.6. The critical place is over the column. Here, where the 
moment is double, 

p = A^Ud=Q.5^ (155.6 X 8.5) = .00724 
Then if = 766,656; k = .369; andj=.88. 

Substituting these values, we find that 






(155.6X7) = .00734, which makes ^ = .371 and j=.88. 

Substituting these values, we find that 

c = 616 pounds per sq. in. 

This is amply safe, especially in view of the fact that a cube sub- 
jected to compression on all six faces, as it is in this case, can stand 
a far higher unit compression than it can when the compression is 
only on two faces. 

Shear. The cap is a square 66 inches on a side and its perim- 
eter is 264 inches. V in this case equals W and is 145,200 pounds. 
For this calculation let j equal .88 and d equal 8.5; then 

V 145,200 .. 

T~^ — 7 : 7 r, =73.5 pounds per sq. in. 

hjd . 264X.88X8.5 ^ ^ ^ 

Since this is a punching shear rather than diagonal tension, this 
working value is allowable. The usual allowed unit value is 80. 
At any section farther away from the column head, the total shear 
is less, and the perimeter, and hence the shearing area, is greater, 
and therefore the unit shear becomes less and less. The zone around 
the column head is the critical section and, since it is where the 
moment is also maximum, no main reinforcing bars can be spared to 
re^st this shear, as is done at the ends of simple beams. A ring 
of stirrups around each column head is the only practicable method 
of resisting such shear, if it is excessive. 

Wall Panels. The above calculations are virtually for interior 
panels, or for those where the loads are balanced over the columns. 
When panels are next to a wall, the bands perpendicular to the wall, 
and even the diagonal bands, must be anchored by bending them 
down into the columns. The extra steel is just as necessary, in 
order to develop the moment at the column head, as if the bands 
were extended into an adjoining panel. The band along the wall 
between the wall columns may have part of the usual width cut 
off. In addition to the floor load, the weight of the wall makes an 
additional load. This may be most efficiently supported by a 
“spandrel beam”, which is a narrow but deep beam extending up 
from the floor to the window sill, and which virtually forms that 
part of the wall, although there may be an outside facing. Some- 
times the exterior columns are set in from the building line so as 
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to partially, if not entirely, balance the load on the other side of the 
columns. 

General Constructive Details. The column head should have a 
considerable thickness at its edge, immediately under the slab, to 
enable it to withstand shear, as shown in Fig. 108-d. If, as is some- 
times done, the sloping sides of the head are continued to the slab 
surface, a considerable deduction should be made in estimating the 
effective diameter of the head, which means an increase in the net 
span between columns. The four points marked i, Fig. 108-d, are 
at about 20 per cent of the net span between column heads 
and are the computed points of inflection where there is no 
moment. The bars should be in about the middle of the slab 
at these points. They should be at the minimum permissible 
distance above the bottom of the slab at 0 and similarly near 
the top of the slab at the edges and across the column heads. 
There should not be abrupt bends at these points, but the bars 
should have easy curves through the required positions at 0 
and the points of inflection and then, reversing curvature so that 
it will be concave downward, should again reach a horizontal 
direction just over the edge of the column head. While no great 
precision is essential in locating the bars between these specified 
points, care must be taken to fasten the bars in exact position 
at the critical points so that they cannot be disturbed. There 
should always be at least one inch of concrete below the bars in the 
center of the slab. 

Rectangular Panels. The flat-slab method of construction is 
most economically used when the panels are nearly, if not quite, 
square, and also when the column spacing can be made about 23 
feet. The ratio of length to breadth for rectangular panels should 
not exceed 4:3. The two pairs of direct bands must then be com- 
puted independently and separately. The diagonal bands must be 
computed according to their actual dimensions, which means that 
the moment equations given above will not apply, and other 
equations, computed in the same general manner, must be 
derived. The quantity h may be considered as 0.4 of the mean of 
the two column spans. The economy of the flat-slab method is 
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REINFORCED=CONCRETE COLUMNS 
AND WALLS 

FLEXURE AND DIRECT STRESS 

General Principles. In all of the previous work, the forces 
acting on a beam are assumed to be perpendicular to the beam; the 
forces acting on a column are assumed to coincide with the axis of 
the column. There are many cases in designing in which the 
resultant of the forces is oblique to the axis of the beam — or column 
— and, therefore, develops both flexural and direct stress. This is 
particularly the case in elastic arches. Usually, in concrete work 
the combination is that of a compressive thrust and flexure, although 
tension combined with flexure is not impossible. The following 
demonstration will be made on the basis of the direct stress being 
exclusively compression. 

Columns have reinforcement near two (or four) faces. If the 
load is eccentric, and especially if it is variable in position, direction, 
and magnitude, the steel in either face may be alternately in tension 
and in compression. In the case of arches, steel is placed near the 
extrados, or upper surface of the arch, and also near the intrados, or 
lower surface, and variations in the live load may cause the stress in 
either set of bars to be alternately tension or compression. The 
reinforcement is, therefore, in compression as well as in tension. 
And since, for practical reasons, the reinforcement is made uniform 
throughout the length of the column (beam or arch) and usually the 
same on both faces, the stresses in the steel are sometimes compres- 
sion, sometimes tension, sometimes zero, and in general will average 
far less than the possible safe working value. It is economically 
impracticable to vary the cross section of the steel to be everywhere 
at the lowest safe limit of unit stress, especially wiien the stresses at 
any section are variable for different loadings. It is, therefore, 
necessary to use a design which shall be safe for the worst section 
under the worst condition, although the strength will be excessive at 
all other sections. 

Moment of Inertia of Any Section. In the perfectly general 
case, the steel near one face is not the same as that near the other. 
If the steel were renlaced bv two external ‘Vines’^ of concrete, each 
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an area n times the area of the steel {n = Es-^Ec), we would have a 
section such as is indicated in Fig. 109. 0 is the “centroid” of that 
figure, but it is not necessarily in the middle of the height. 

Let Ic — moment of inertia of the concrete rectangle with respect to 
the axis through 0 

Is = moment of inertia of the areas of steel about the same axis 
Then 


nis = moment of inertia of the concrete wings about the same axis ; 
I = moment of inertia of the “transformed section” — the rec- 
tangle and wings 

Then 

I^Ic+nls (32) 

Let p = steel ratio on tension side (assumed here as lower side) 
= {A^hh) 

p' = steel ratio on compression side =A'-^hh 

Then, taking moments about the 



upper edge of the concrete, 
bh {ih)-i-nA'd'-\-nAd 


bh-i-nA'-j-nA 


But A'=p'bh and A = phli. 
Then 


Fig. 109. Diagram Showing Method of Cal- 
culating Moment of Inertia of any Section 


_hh {^]i-\-np'd'-]-npd) 
hh (l+n2?'^-7^p) 
_ lli+npd-\-np'd ' 


u = 


(34) 


l-\-np+np' 

Jc = lh [w 3 -j-(^_w) 3 ] 

Is = A {d—uY-\-A' {u—d'Y 

When, as is frequently the case, A equals A', and the whole section 
is, therefore, symmetrical, u equals \ h, and the two equations (34) 
reduce to 

Ic = i\bh^ 

Is = 2A{^h-d'Y 

It is a common practice to make d' = tV K which would make 
Is = 2A {AhY = .^2Ali^ 


(35) 


T)i( 



tne column, or me tangent to me arcn no. me perpenaicuiar 
component produces shear, and, although it should be tested on 
general principles to be sure that the section can stand it, it is 
generally true that the obliquity of the force is so small that the 
shearing component does not produce a dangerous shearing stress 
even for plain concrete. The component parallel to the axis is 
called the thrust. Its effect on the section depends on its eccentricity, 
or its distance e from the cen- 
ter of gravity of the section. 

There are three general cases: 

First, when e is so small 
that there is compression over 
the entire section. When e is 
0, the compression is uniform ; 
for very small values of e the 
compression varies about as 
shown in Fig. 110, the great- 
est unit compression being on the side of the eccentric force. 

Second, for some special value of e (called e-o) ; in this case the 
compression at one face becomes just zero. 

Third, for still larger values of e; in this case the stress on 
the side away from the force F becomes tension. When this tension 
is still small and less than the unit tension which may safely be 
sustained by concrete, certain formulas apply. When the eccentric- 
ity, and the consequent tension, becomes too great and the tension 
must all be taken by the steel, other formulas must be used. For 
simplicity, all of the following demonstrations on this subject will be 
based on the two very common conditions that the section is rectan- 
gular and that the steel reinforcement is the same on both sides. 

These cases may now be considered in greater detail under four 
heads, the first one being divided into two, when e = 0 and when 
e>0 but still small. 

Cased. e = 0. Then the unit compression in the concrete equals 
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and the unit compression in the steel equals 

nT f 1 


s — - 


((l+27ip)) 


( 38 ) 


h]i V(l+27ip). 

Case II. e>0, but is so small that there is compression over 
the entire section. Then the maximum unit compression in the 
concrete is 

T r 1 . Qhe 


C = : 


( 


bh \l-{-2np h'^-\-24:npa^ 
and the maximum unit compression in the steel 

1 12ae 

-\-2np h^+2^7i'pa' 




(- 

'' bh \1 


) 


(39) 


(40) 


In this case the force T may be considered as replaced by the series 
of forces shown in Fig. 110 — two concentrated forces carried by the 
steel near top and bottom and a graded series of compressions on 
the concrete. The minimum unit values of the compression are of 
little practical importance. 

Case III. e = eo, the special value of e, determined later, 
which will make the compression in the concrete at one face just 
zero. The maximum unit compression in the concrete equals 



which is just twice the value found in Equation (37), which was to 
be expected. Since Equation (39) is applicable to all values of e 
between 0 and Sq, we may place the two values of c from Equations 
(39) and (41) equal and find the value of e, which is the special 
value eo 

_h^-f-24npa^ 

6/i(l+2?i2?) 

Using this value of eg for the e of Equation (40), the unit steel com- 
pression is 

nT f . . 2a\ 

'-bh{l+2np) 

As before, the minimum unit stresses are of no practical importance. 

Ilhistrative Example. Assume a concrete section bh equal to 12 
inches by 18 inches, with |-inch square bars, spaced 6 inches, at top 
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with, the axis . of 62,500 pounds is applied 3 inches (e) from the 
center; required the maximum unit stresses in the concrete and 
in the steel. Then, since ‘p = A-^bh, 

2 X. 7656 


V- 


-=.007 


12X18 

From Equation (42), if to = 15, 

324+ (24 X 15 X .007 X 51 .84) 


= 3.48 


6X18 (1+30X.007) 

This being greater than e = 3 inches, it shows that the stress is 
wholly compressive. For this case, and for all cases when to equals 
15 and a equals Ah, we may simplify Equations (39) and (40) to the 
following : 

T r I . e r 6 


^ bh 


V1+2to 2? /iVl+57.6p// 

4.8 


5 = 


1+2 to 2? 

7 ^/ 1 

bh 


( 1 4.8 

\1+2top /i Vi + 57.6 p// 


(44) 

(45) 


Then 


c = 


62,500 


( 


1 


/- 


6 


216 V1 + .210 18V1+.4032 


)) 


= 445 lb. per sq. in. 


and 


s = 


15X62,500 


(. 


1 


.+U 


4.8 


7) 


= 6,062 lb. per sq. in. 


216 V1+.210 ' 18V1+.4032- 

Case IV. As e is so great there is tension on one face. When 


e is but little more than Bq, the tension is not greater than the con- 
crete can withstand without rup- 


ture and the stresses in both con- 
crete and steel may be deter- 
mined by equations similar to 
those given above. But w+en 
the tension is evidently so great 
that the concrete will be ruptured 
on the tension side, the steel 
must be considered as carrying 



Fig. 111. Diagram Showing Effect of Ob- 
lique Force Acting on a Section when 
Eccentricity e is Large 


all the tension and then other 
formulas must be used, as developed below. 

In Fig. Ill the triangle of forces may be considered as repre- 
.=;pnfinp' nrnnnrtinna.telv. the deformation in the concrete and also in 



certain deformation in steel as would be required with concrete, we 
may consider that the triangle represents the proportionate stresses 
in the concrete at the several points in the section and also that the 
stress in the steel is represented at the same scale by n times the ordi- 
nate at the position of the steel, or that the actual ordinate represents 
s^n. From proportionate triangles we can write 

<«> 

also 

n=\-inr) 

The algebraic sum of all the forces acting on the section must equal 
the thrust T. Therefore 

T=s'pbh-{-^cbkh—S'phh ( 48 ) 

Substituting the above values for s' and s, we have, after reducing, 

rp_ chhf k‘^-{-4c'pnk~2'pn 
k 



But the moment M on this section about the gravity axis evidently 
equals T e. We may also say that the moment M equals the sum of 
the moments of the separate forces about the gravity axis. The 
compressive forces have their center of gravity at one-third the 
height of the triangle and its distance from the gravity axis is 
^h—lkh, and the summation of the compressive moments of the 
concrete equals \cbkh {^h—^k h) . The entire moment equals 
M=\cbkli{\li—\kli)-\-s''pbha-\-s'pblia 

= \cbk h^—^cbk^lP'-^-nc p hha+nc- - f vbha 

\ k/i / kh 


■\{chkh^) — \ {cbk%^)-\-ncph {d~d') 

k 


= cb}i^ 


(k. 

k^ 

np2a4\ 

V4 

■CO 

kh^ ) 


( 50 ) 


Placing this equal to the above value for T in Equation (49), multi- 
plied by e, we have, after reduction, 

V+VtH- 


lY. 


1-1- 12 vnk — —12 


pna‘ 


4- 7 ) 71 .- 






28.8??+902; 
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Fig. 1 13. Relations of k, p, and B for Flexure and Direct Stress 

The direct solution of this cubic equation is not easy, but the desired 
relation between h, 'p, and may be obtained by assuming all 

pairs of values for h and p within any desired range, computing the 




siiowii la txie uiagram, rig. men, lor any seiectea values or 

p and the value of h may be read from the diagram with 

practicable accuracy. 

The practical application of Equation (50) usually consists in 
the numerical determination of c, on the basis of a beam of given 
dimensions (6 h) and with other known characteristics (/c, n, p, and 
a), which is acted on by a known moment M. The value of k is 
determined from Equation (51) or (52), or by the use of the diagram. 
But the work can be still further simplified by using another dia- 
gram, Fig. 113, for the determination of the value of the parenthesis 

^ — which we will call equal to B. Then we have 

’■Ss » 


( 


As before, using the special values of ? 2 , = 15 and a — Ah, we have 

/c lA 4.(8 p 

4 6 /c 

Numerical examples of this will be given under “Arches”, Part V. 



FOOTINGS 

Simple Footings. When a definite load, such as a weight carried 
by a column or wall, is to be supported on a subsoil whose bearing 
power has been estimated at some definite figure, the required area 
of the footing becomes a perfectly definite quantity, regardless of the 
method of construction of the footing. But with the area of the 
footing once determined, it is possible to effect considerable economy 
in the construction of the footing by the use of reinforced concrete. 
An ordinary footing of masonry is usually made in a pyramidal form, 
although the sides wall be stepped off, instead of being made sloping. 
It may be approximately stated that the depth of the footing below 
the base of the column or wall, when ordinary masonry is used, 
must be practically equal to the width of the footing. The offsets 
in the masonry cannot ordinarily be made any greater than the 
heights of the various steps. Such a plan requires an excessive 
amount of masonry. 

Wall Footing. Assume that a 24-inch wall, with a total load 
of 42,000 pounds per running foot, is to rest on a soil which can 
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safely bear a load of 7,000 pounds per square foot. The required 
width of footing is 6 feet. The footing will project 2 feet on either 
side of the wall. For each lineal foot of the wall and on each side, 
there is an inverted cantilever, with an area 2 feetXl foot, and 
carrying a load of 14,000 pounds. The center of pres.sure is 12 
inches from the wall; the moment about a section through the 
face of the wall is 12X14,000, or 108,000 inch-pounds. Using a 
grade of concrete such that M equals 95hd^, p equals. 00675, and 
j equals .88, then with h equal to 12, we have 

d2 = i)f--955 = lG8,000^1,140 = 147.4 
d = 12.15 

Using this value, the amount of steel required per inch of width 
will equal .00075x12.15, or .082 square inch, which may be sup- 
plied by f-inch bars spaced about 7 inches on centers. A total 
thickness of 15 inches will, therefore, fulfil the requirements. 
Theoretically, this thickness could be reduced to 8 or even 0 inches 
at the outer edge, since there the moment and the shear both reduce 
to zero. But when concrete is used very wet and soft, it cannot 
be laid with an upper surface of even moderate slope without using 
forms, which would cost more than the saving in concrete. 

Shear. The shear (U) on a vertical section directly under 
the face of the wall, and 12 inches long, is 14,000 pounds. Applying 
Equation (21) 

v^^V^hjd 

= 14,000^(12X.88X12.15) 

= 109 lb. per sq. in. 

This is far greater than a safe working stress and the slab might fail 
from diagonal tension. When a loaded beam is supported freely 
at each end, the maximum shear is found at the ends where the 
moment is minimum, and some of the bars which are not needed there 
for moment may be bent up so as to resist the shear. Unfortunately, 
in the case of a cantilever, the maximum moment and maximum 
shear are found at the same beam section— in this case, at the face 
• of the wall. Therefore, if the concrete itself cannot carry the shear, 
additional steel must be used to do that work. Bars wliich 

: i; J X /trro .... 


arc 
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by bending the free ends. Assume that the concrete alone takes 
up 40 pounds of the 109 pounds shear, found above, or 37 per cent. 
This leaves 63 per cent to be taken by the steel reinforcement. 
14,000 X. 63 = 8,820 pounds per foot, or 735 pounds per lineal inch. 
The only practicable arrangement is to alternate these bars with the 
moment bars and therefore space them 7 inches apart. Then each 
bar must take up 7 X 735, or 5,145 pounds of shear. A i^-inch square 
bar will safely sustain that stress. Such a bar has a perimeter of 2.25 
inches. At 75 pounds per square 
inch for bond adhesion (plain bars), 
each lineal inch of the bar would 
have a working adhesion of 169 
pounds. 5,145-^169 = 30 inches, 
which is the required length of 
bar beyond any point where the 
stress is as much as 5,145 pounds. 

Since there is not that length of 
bar available, bond adhesion can- 
not be relied on and the bars must 
be bent, as shown in Fig. 114. 

Even a deformed bar, although 
a good type may be used with 
working adhesion about double 
that of a plain bar, would need 
to be longer than space permits, if 
straight, and it should be hooked. 

Bond Adhesion in Moment Bars. The steel per inch of width 
is .082 square inch and in 7 inches, .574 square inch. Since the 
design calls for a unit tension of 16,000 pounds in the steel, the actual 
tension in the bar will be 16,000 X.674 = 9, 184 pounds. A f-inch 
square bar has a perimeter of 3 inches and, at 75 pounds per square 
inch, can furnish a working bond adhesion of 225 pounds per lineal 
inch of bar. But this would require 9,184^225, or 41 inches, the 
required length beyond the face of the wall. Allowing 150 per 
square inch bond adhesion, for a good type of deformed bar, the 
required length, computed similarly, would be a little over 20 inches, 
and as this is less than the 24-inch cantilever, straight deformed 
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bars will do. The designer, therefore, has the choice of using a hook 
on each end of plain bars, as illustrated in Fig. 114, or using straight 
deformed bars, which would be cheaper at the usual relative prices. 

Column Footing. The most common method of reinforcing a 
simple column footing is shown in Fig. 115. Two sets of the rein- 
forcing bars are at a-a and h-h, and are placed only under the column. 
To develop the strength of the corners of the footings, bars are 
placed diagonally across the footing, as at c-c and d-d. In designing 

this footing, the projections of 
the footing beyond the column 
are treated as free cantilever 
beams, or by the method dis- 
cussed above. The maximum 
shear occurs near the center; 
and therefore, if it is necessary 
to take care of this shear by 
means of reinforcement, it 
should be provided by using 
stirrups or bent bars. 




Diagram of Footing for a Column 


Example. Asauino that, a load 
of 300,000 pounds is to bo carried by 
a coluniu 28 inches square, on a soil 
that will safely ciirry a load of 0,000 
poundspor square foot. What should 
be the dimensions of tho footing and 
the size and spacing of the reinforcing 
bars? The bars are to be placed 
diagonally as well as directly across 
the footing, as illustrated in Fig. 115. 

Also investigate tho shear. 

Solution. The load of 300,000 pounds will evidently require an area of 
50 square feet. The sides of the square footing will evidently be 7.07 feet, or 
say 85 inches; and the offset on each side of tho 23-inch column is 2S.5 inches. 
The area of each cantilever wing which is straight out from tho column is 2S.5 X 
28, or 798 square inches. The load is, therefore, (7984-144) X 0,000, or 33,250 
pounds. Its lever arm is one-half of 28.5 inches, or 14.25 inches. The moment 
is therefore 473,812 inch-pounds. Adopting the straight-line formula, M = 95b d\ 
on the basis that p = . 00675, wo may write the equation 
473,812 = 95 X2SXd-, 




This area of metal may be furnished by six f-inch round bars, and therefore 
there should be six f-inch round bars spaced about 4:5 inches apart under the 
column in both directions, a-a and b-b. 

Corner Sections. The mechanics of the reinforcements of the corner 
sections, which are each 28.5 inches square, is exceedingly complicated in 
its precise theory. The following approximation is probably sufficiently 
exact. The area of each corner section is the square of 28.5 inches, or 812.25 
square inches. At 6,000 pounds per square foot, the pressure on such a section 
will be 33,844 pounds, and the center of gravity of this section is of course at the 
center of the square, which is 14.25X1.414, or 20.15 inches from the corner of 
the column. A bar immediately under this diagonal line would have a lever 
arm of 20.15 inches. A bar parallel to it would have the same lever arm from 
the middle of the bar to the point where it passes under the column. Therefore, 
if we consider that this entire pressure of 33,844 pounds has an average lever 
arm of 20.15 inches, we have a moment of 681,957 inch-pounds. Using, as 
before, the moment equation M =95b(P, we may transpose this equation to read 


Then 


6 = 


M 

95 


A-pid^p^,d-p 


= . 00675 X 


681,957 

95X14.5 


M 
95 d 


= 3.34 sq. in. 


This area of steel will be furnished by six f-inch round bars. The diagonal rein- 
forcement will therefore consist of six f-inch round bars running diagonally in both 
directions. These bars should be spaced about 5 inches apart. Those that 
are nearly under the diagonal lines of the square should be about 9 feet 8 inches 
long; those parallel to them will each be 10 inches shorter than the next bar. 

Bond Adhesion. The total tension in the steel of the a and b bars is 16,000 X 
2.51=40,160 pounds, or 6,693 pounds per bar, which is found at a point imme- 
diately under the column face. There will be 28.5 inches length of steel in each 
bar from the column face to the edge of the slab, and this will require a bond 
adhesion of 6,693 28. 5 =235 pounds per lineal inch. From Table XXIII, wo see 
that this unit value is greater than a proper working value for f-inch plain round 
bars but is safe for f-inch deformed round bars. Maldng a similar calculation for 
thediagonal bars, the stress in each one is (16,000X3.34) =6 = 8, 907 pounds. The 
length, practically uniform for each, beyond the face of the column is 40 inches, 
which will require a bond adhesion of 223 pounds per lineal inch. This is just 
within the limit for f-inch plain square bars. 


It should be noted from the solution of this and the previous 
problem that, on account of the combination of heavy load and 
small cantilever projection, the bond adhesion of footings is always 
a critical matter and its investigation should never be neglected. 
It frequently happens, as above illustrated, that the greater bond 
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bars, the requisite adhesion may sometimes be obtained by using a 
proportionately larger number of smaller bars. When neither 
method will produce the required adhesion, the bars should be bent 
into a hook, which should be a full semicircle with a diameter about 
8 to 12 times the diameter of the bar. 

Shear. The “punching shear” on the slab is measured by the 
upward pressure on that part of the slab which is outside of the 
column area. This equals 85^ — 28^ = 6441 square inches, or 44.73 
square feet. Multiplying by 6,000 we have 268,380 pounds. The 
resisting area equals the perimeter of the column times j d, which 
here equals 4X28X.88X13.3, or 1,311 square inches. Dividing 
this into 268,380, we have 204 pounds per square inch. If the 
column and slab were made of plain concrete, this figure would be 
considered too high for working stress, 120 being usually allowed. 
In this case, an actual punching of the slab would require that 48 
sections of |-inch round bars should be sheared off. Allowing that 
the concrete actually takes an average of 120 pounds per square inch 
on 1,311 square inches of surface, the concrete would take up 157,320 
pounds, leaving 111,060 pounds for the 48 bars, or 2,314 pounds for 
each bar. Dividing by the bar area, we have a shearing stress of 
5,237 pounds per square inch of bar section, which is insignificant 
for the steel and is amply safe, provided that any such shearing 
stress as 2,314 poimds per bar could be developed before the con- 
crete itself were crushed by the bars. Considering the various 
forces resisting the punching action, and also that even the 204 
pounds per square inch is far short of the ultimate value of true 
shear, the design is probably safe, although the factor of safety is 
probably low. If further reinforcement were considered necessary, 
it could be added in the form of bent bars, as in the previous 
problem. 

It is impracticable to develop a true rational formula for the 
computation of the diagonal tension in slabs which support columns, 
but the results of a series of elaborate tests by Prof. Talbot (Bulletin 
No. 67, Univ. of Illinois) show that the following method gives 
results which are reasonably consistent and also comparable with 


the corresponding results for ordinary beams. Consider a section 
through the slab all the way around the column and at a distance d 

from the face of the column, and apply Equation (21), 

In this case the section would be a square (2 X 13.3) +28 = 54,6 inches 
on a side. The area is 2,981 square inches. The area of the whole 
footing is 85^, or 7,225 square inches and the area outside this 
square is 7,225—2,981=4,244 square inches, or 29.5 square feet. 
29.5 X 6,000 = 177,000 pounds = V; the perimeter of the square is & and 
equals 4X54.6, or 218.4; JcZ equals .88X13.3, or 11.7. Then?; equals 
69. Since this is higher than 40, the usual permissible working stress 
when taken as a measure of non-reinforced diagonal tension, it shows 
that bent bars or stirrups must be used, but in either case the rein- 
forcement need carry only the extra 29 pounds per square inch. 
Multiplying this by jd, we have 29X11.7 = 339, the required 
assistance in pounds per lineal inch. If a bar is placed every 4.5 
inches (corresponding with the main reinforcing bars), the stress per 
bar will be 1,525 pounds, which at 16,000 pounds unit stress will 
require .095 square inches, or a ife-inch square bar. Perhaps the 
most convenient form of reinforcement in this case would be a series 
of stirrups made by a continuous bar ^ inch square, which zigzags 
up and down with an amplitude equal to jd, or 11.7 inches, and so 
that there is a bar up or down each 4.5 inches. This should be 
located at the “critical section” at a distance d equal to 13.3 inches 
from the column face. It will require a bar about 16 feet 6 inches 
long to make the continuous stirrup for each side of the square. 
Each bar must be bent with about eleven semicircular bends, as 
shown in Fig. 115, and so placed that each downward loop shall pass 
under one of the main reinforcing bars. The loops at the top will 
preclude all possibility of bond failure. 

Since the shear decreases to zero at the edge of the slab, and the 
distance from the stirrup to the edge of the slab is only a little more 
than the thickness of the slab, it is apparent without calculation that 
no further shear reinforcement is needed. 

Continuous Beams. Continuous beams are sometimes used to 
save the expense of underpinning an adjacent foundation or wall. 
These footings are designed as simple beams, but the steel is placed 



columns are 22 inches square, spaced 12 feet on center; and that 
they support a load of 195,000 pounds each. If the soil will safely 
support 6,000 pounds per square foot, the area required for a footing 
will be 195,000-^6,000, or 32.5 square feet. Since the columns are 
spaced 12 feet apart, the width of footing will be 32.5 -i- 12 = 2.71 
feet, or 2 feet 9 inches. To find the depth and amount of rein- 
forcement necessary for this footing, it is designed as a simple 
inverted beam supported at both ends (the columns), and loaded 
with an upward pressure of 6,000 pounds per square foot on a beam 
2 feet 9 inches wide. In computing the moment of this beam, the 

continuous-beam principle 
may be utilized on all ex- 
cept the end spans, and thus 
reduce the moment and, 
therefore, the required 
dimensions of the beam. 

Compound Footing. 
When a simple footing sup- 
ports a single column, the 
center of pressure of the 
column must pass vertically 
through the center of grav- 
ity of the footing, or there 
will be dangerous transverse stresses in the column, as discussed later. 
But it is sometimes necessary to support a column on the edge of a 
property when it is not permissible to extend the foundations beyond 
the property line. In such a case, a simple footing is impracticable. 
The method of such a solution is indicated in Fig. 116. The nearest 
interior column (or even a column on the opposite side of the build- 
ing, if the building be not too wide) is selected, and a combined 
footing is constructed under both columns. The weight on both 
columns is computed. If the w’eights are equal, the center of gravity 
is halfway between them; if unequal, the center of gravity is on the 
line joining their centers, and at a distance from them such that 
a: : y : : IF 2 : Wi, Fig. 116. In this case, evidently W 2 is the greater 
weight. The area ahdc must fulfill two conditions: 



Fig. 116. 


Combined Footing for Two Columns, 
One on Edge of Property 
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(1) The area must equal the total loading (H^i+Tr^) divided by the 
allowable loading per square foot; and, 

(2) The center of gravity naust be located at 0. 

An analytical solution for all cases of the relative and absolute 
values of ab and cd which will fulfill the two conditions is very 
difficult. Sometimes the only practicable solution is to obtain, by 
trial and adjustment, a set of dimensions which will be sufficiently 
accurate for practical purposes. It usually happens that an inner 
column of a building carries a greater load than an outer column. 
This facilitates the solution, for then, as in the example given below, 
the footing may be extended beyond the inner column and may be 
made approximately rectangular. 


Example. A column W , carrying 400,000 pounds, is to be located on the 
edge of a property and another column TF„, carrying 600,000 pounds, is located 
16 feet from it. Assume that the subsoil can sustain safely 7,000 pounds per 
square foot. Required the shape and design of the footing. 

Solution. Assume that the footing slab weighs 400 pounds per square 
foot of surface; then the net effective upward pressure of the subsoil which will 
support the column equals 7,000—400 = 6,600 pounds per square foot. For 
simplicity of calculation in the computations involving soil pressures and slab 
areas, feet and decimals will generally be used. The change to feet and inches 
can be made when the final dimensions have been computed. 

The total column load is 1,000,000 poimds; at 6,600 pounds per square 
foot the area must be 151.516 square feet. Assume that the column is 
2.89 feet square, and that the IT, column is 2 feet X2. 78 feet. This means that 
the net average load is 500 pounds per square inch on each column. In Fig. 116, 
let ah equal n, and cd equal m, both still unknowm. The smaller column is on 
the edge of the property, and the a 6 line is made 1.0 foot from the column center. 
As a trial solution, assume that the cd line is 4.0 feet beyond the other column 
center. Then the total length of the trapezoid is 21.0; then I (m+n) 21.0 = 
151.515; solving this 

{m-\-n) = 14.43 

The center of gravity of the two loads is at j^qqq^qqq of 16 feet, or at 9.6 feet from 

the smaller column center. This locates 0. To fulfill condition (2), the dimen- 
sions m and n must be such that the center of gravity of the trapezoid shall be 
at 0. In general, the distance z of the center of gravity of a trapezoid from its 
larger base equals one-third of the height h times the quotient of the larger base, 
plus twice the smaller base divided by the sum of the bases; or, as an equation 


, ,m-|-2n 

5 — 3 h j 


Substituting z equals 10.4, h equals 21.0, m and n still unknown, we have 


Combining this equation with the equation (m+n) =14.43, we may solve and 
find ?« = 7.419 and ?i = 7.011. By proportion, we find the dimension ef through 
0 = 7.217 feet. 

Moment. The maximum moment is found where the shear is zero, and 
this must be at the right-hand end of a portion of the slab on which the net 
upward pressure equals 600,000 pounds. That portion must have an area of 
(600,000 -j- 6,600) =90.909 square feet. Similarly, the remaining area is com- 
puted to be 60.606 square feet. Let p equal the length of this section (gs in the 
figure) and h equal its distance from cd. We may write the two equations 

§(7.419-l-p)/t = 90.909 

and 

§ (p -1-7.011) (21 -7i) = 60.606 

Solving these two equations for p and h, we have p = 7.178 and /i = 12.456. It 
should be noted that this section of maximum moment (on the line gs) is noi 
on the line of center of gravity of the whole footing, but is in this case about two 
feet to the right. The center of gravity of the trapezoid cdqs, calculated as 
above, is at a point 6.262 feet from gs and the net upward pressure on this section 
is 600,000 pounds. Therefore, taking moments about gs, we have 

M = 600,000 (8.456-6.262) = 1,316,400 ft.-lb. = 15,796,800 in.-lb. 

In this case, 5 = 7.178 feet = 86.136 inches; call it even 86. Then for JW = 95 
we have 

95 h d2 = 8170 d^ = 15,796,800; then d' = 1,934 and d = 44.0 

Then 

A = .00675X86X44 = 25.54 sq. in. 
which may be provided by 20 bars, 1 1 inches square. 

That portion of the slab between x and z is subject to transverse stress, 
the parts near x and z tending to bend upward. Although the stresses are not 
computable with perfect definiteness, beiag comparable to those in a simple 
footing (see page 249), we may consider them as approximately measured by 
the moment of the quadi'ilateral between the face of the column and x about 
the face of the column, xz equals 7.34; subtracting the column width and 
dividing by 2, we have 2.225 feet, or 26.7 inches; the area of the quadrilateral is 
approximately | (8 -f2. 89)2.225, or 12.11 square feet. The effective upward 
pressure equals 12.11X6,600 = 79,926 pounds. The lever arm is approximately 
i®o of the distance from the face, or 0.6X26.7 = 16 inches, ikf = 79,926X16 = 
1,278,816 = 95 5 d^. Here d is about one inch less than for the main slab, or 
say 43 inches. Solving, 5 = 7.3 and A = p5d = .00675X43x7.3, or 2.12 square 
inches, which may be supplied by 4 bars |-inch square. This calculation 
shows that a relatively small amount of reinforcement, which should run 
under the column from x to z, will resist this stress. Increasing the number of 
bars to 5 or 6 will certainly cover all uncertainties in this part of the calculation. 
The stresses under the other column are somewhat less and therefore the same 
reinforcement will be even more safe. 

Shear. The shear around the larger column can be calculated as “punch- 
ing” shear. 5 for this case is the perimeter of the column, and equals 4X2.89 
= 11.56 feet, or 138.72 inches; jd equals .88X44 = 38.72; V equals 600,000- 
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(138.72X38.72) = 102. Since this is a case of true shear, when a working stress 
of 120 pounds per square inch is allowable, no added reinforcement is necessary. 
The other column may be considered similarly, except that it is supported only 
on three sides. & = 81 inches, and bjd = 3,136; F = 300, 000— 36,667 = 263,333; 
then V equals 84. Since this is only 70 per cent of the allowable stress for true 
shear, it is probably safe. In addition, the bending down of the main reinforc- 
ing bars under each column, as shown in the figure, will add a very large factor 
of safety. 

Case Where Heavier Column Is Next to the Property Line. It isfar more 
difficult, in case the heavier column is next to the property line, to obtain, by 
the analytical method given above, a trapezoid which will fulfiU thetwofundar 
mental requhements there given. If the waU column has twice (or more than 
twice) the load carried by the inner column, no trapezoid is obtainable. In 
such a case, a figure shaped somewhat like a shovel, the blade being under the 
heavy column and the handle being a beam which transfers the load of the lighter 
column to the broad base, may be used, the dimensions and exact shape of which 
can only be determined by successive trials. 

REINFORCED CONCRETE RETAINING WALLS 

Forms of Walls. Reinforced concrete walls are usually made 
in such shape that advantage is taken of the weight of part of the 
material supported to increase the stability 
of the wall against overturning. Rig. 117 
shows the outline of such a wall. It consists 
of a vertical wall C D, attached to a floor plate 
A B. To prevent the wall from overturning, 
the moment of downward forces about the 
outer edge of the base M = Wik+Wzk must be 
greater than that of the overturning moment 
M 2 = Ek. Ml should be from one and one- ^ 
half to twice M^, which would be the factor 
of safety. In addition to this factor of safety 
there would be the shearing of the earth along Fig. 117. Outline of Rein- 

, , forced Concrete Wall 

the line ab. 

Owing to the skeleton form of these walls they are usually more 
economical to construct than solid walls of masonry. The cost per 
cubic yard of reinforced concrete in the wall will be more than the 
cost per cubic yard of plain concrete or stone, in a gravity retaining 
wall, but the quantity of material required will be reduced by 30 
to 50 oer cent in most cases. There are two forms of these walls. 




pies of both types will be worked out in detail. 

Illustrative Example. Design a retaining wall 14 feet high 
to support an earth face with a surcharge at a slope of to 1. 

The width of the base for reinforced concrete walls is usually 
made from jV to tV of the height. For this wall, with a surcharge, 
the base will be made one-half of the height, or 14X| = 7 feet. 



Assume the weight of the earth at 100 pounds per cubic foot and the 
reinforced concrete at 150 pounds per cubic foot. Then substituting 
in Equation (7c), we have 

E=.833 — 

2 

= .833x?^^— ' 

= 8,163 lb. 

This force is applied on the plane cm. Fig. 118, and at a point 
one-third of the height above the base. 



It will be necessary to determine the thickness of the vertical 
wall and the base plate before the stability of the wall can be de- 
termined. Assume the base plate to be 18 inches thick; then the 
vertical slab will be 12 feet 6 inches high and the pressure against 
this slab will be 

JS = .833^^^~^=6,508 lb. 


The horizontal component of this pressure is 6, 508 X cos 33° 
42', or 5,421 pounds, as shown diagrammatically in Fig. 118. 

The bending moment will be M = 5,421x^^^X12 = 271,272 

O 

inch-pounds. Placing this equal to M = % hd^ (see page 192) with 
b equals 12, equals 238, and d equals 15.4 inches. Adding 2.6 
inches for protecting this steel, the total thickness will be 18 
inches. The area of the reinforcing steel will be .00675X15.4, 
or .104 square inch of steel per inch of length of wall. Bars 
1| inches round (.99 -j-. 10 = 9.9) spaced 10 inches apart, will be 
required. The bending moment rapidly decreases from the bottom 
of the slab upwards, and, therefore, it will not be necessary to keep 
the thickness of 18 inches to the top of the slab or to have all the 
bars the full length. Make the top 9 inches .thick, drop off one-third 
of the bars at one-third of the height of the slab and one-third at 
two-tliirds of the height. The shear at the bottom of the slab is 


5,421 

12X15.4 


= 29 pounds per square inch; therefore, as this does not 


exceed the working stress, no stirrups are needed. It is very im- 
portant in a wall of this type not to exceed the bonding stress. 

The vertical bars must be well anchored in the base plate or 
they will be of no great value. The bars are 1 J inches in diameter, 
the circumference then is 3.53 inches. Allowing a bonding stress of 
75 pounds per square inch, the total bonding per inch of length of 
bar is 3.53X75, or 265 pounds. The lever arm is 15.4. Since the 
bars are spaced 10 inches on centers, the stress to be resisted is f 
of 271,272, or 226,060 inch-pounds. Let x be length of anchorage 
required, then 


M = 265 X 15.4X0; = 226,060 
x = 55 inches 
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developed. 

In designing the footing of a reinforced concrete retaining wall 
the resultant force should intersect the base within the middle third 
the same as in a masonry wall. The forces acting on the footing 
are the earth pressure on the plane m c, the weight of the earth fill, 
and, the weight of the concrete. The distance from the toe a to 
the point where the resultant acts is obtained as follows: The 
centers of gravity of the concrete and the earth are found, also the 
weight of each. The weights are multiplied by the distances from 
a, respectively, which gives the static moment. The sum of the 
static moments divided by the sum of the weights equals the dis- 
tance from the toe to the line at which the resultant acts. The 
detail figures for the problem are given below. 


Center of Gravity of Wall 


Section 

Area 

Sq. Ft. 

Moment 

Arm 

Moment 

Area 

abed 

10.50 

- 3.50 

36.75 

ef i g 

9.38 

1.88 

17.63 

f % }l 

4.09 

2.50 

11.73 


24.57 


66.11 


Distance from a to center of gravity is ^^'^^ = 2.69 ft. 

Weight per lineal foot is 24.57 X 150 = 3,686 = lFc 
Static moment about a is 3,686x2.69 = 9,915 ft.-lb. 


Center of Gravity of Earth 


Section 

■Bl 

Moment 

Arm 

Moment 

Area 

imiMiH 

4.69 

2.75 

12.90 


50.00 

5.00 

250.00 


7.50 

5.42 

40.65 


62.19 


303.55 


Distance from a to center of gravity is 


303.55 

62.19 


= 4.88 ft. 


Weight per lineal foot is 62.19X100 = 6,219 = We 



















9,915+30,355 40,270 „ 

3,686+ 6,219 9,905 ^ ^ ' 

To find where the resultant R cuts the base, produce E to meet 
the combined center of gravity of the concrete and earth. From 
their intersection lay off on the vertical line, at any convenient 
scale, the combined weight 9,905 pounds. At the end of this dis- 
tance draw a line parallel to the line E and lay off the value of E 
which is 8,163 pounds. Draw R, which is the resultant and in this 
case cuts the base at the edge of the middle third, so that the wall 
will not fall by overturning. 

The pressure produced on the foundation is next to be inves- 
tigated. Since the resultant comes at the edge of the middle third, 
Equations (7d) and (7e) are used. 

p 

Pressure at the toe = (4P — 6Q) — 

14 Siin 

= [(4X7)-(6x2.33)]^^^ 

=4,242 pounds 

Pressure at the heel = (6Q— 2P) 

= [(6X2.33)-(2X7)]1^ 

= 0 

The pressure on the foundation of 4,242 pounds at the toe is 
permissible on most soils. 

The stability of a wall of this type must be carefully investi- 
gated. Suppose this wall is to be located on a wet clay soil. 
The coefficient of friction between concrete and wet clay is .33; 
the horizontal force is 6,800 pounds; and the weight of the concrete 
and earth acting in a downward direction is 9,915 pounds. With 
a coefficient of .33, or J, the resistance to sliding is 9,915X3-, or 3,305 
pounds, which is less than one-half of the horizontal pressure 6,800. 
The resistance should be about twice the pressure in order to make 
the wall safe against sliding, which would require that the weight 
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should be about four times as much in order that mere fricdion 
should surely prevent sliding. This shows that it will be necessary 
to construct a projection in the base, as shown in Fig. 118. 

The thickness of the base is always made greater than tlie 
moment requirements just behind the vertical slab (or at h) would 
demand. If the wall were actually on the point of tii)ping over, 
there would cease to be any upward pressure on the base. But 
there would be a downward pressure on the right ciintilever equal 
to the weight of the earth above it, aiul the moment in the base at 
the point h would be that produced })y that eartli pressure and by 
the weight of the concrete from h to h. Since the al)ove calcula- 
tions for the stability of the wall show that the comi)ute(l lateral 
pressure cannot produce actual tipping about the toe, no sucli 
moment can actually be developed, but the calculation of the 
required thickness to resist such a moment gives a dimension which 
is certainly more than safe and which, for other reasons, is sometimes 
made still greater. The weight of tlie earth is (),229 j)oun(ls and 
the weight of the concrete is 4Xl2'Xl5() = 900 pounds. Then 
6,229+900 = 7,129 pounds. Therefore 

M = 7,129 X 1 .8GX 12 = 158,977 in.-lb. 

Placing this moment equal to i¥ = 95 hd- and solving for d, we find 
that d equals 11.7. Adding 2.5 inches for protecting the steel, the 
total thickness would be 14.2 inches. To pro})erly anchor the bars 
in the vertical slab, the thickness of base plate is seldom made less 
than the vertical slab. Therefore, we will make d=15 inches, 
6 = 12, and solve for the moment factor IL 

i¥ = 12 xl5'x/? = 158,977 
A = 58.8 


Fig. 99 shows that when A = 59, (7=400 and 8 = 12,000 and that 
the percentage of steel required is practically .000. Therefore, the 
steel required equals 12Xl5X.006= 1.08 square inches. Bars I J 
inches in diameter, spaced 10 inches, will be required. The moment 
in this part of the base plate is negative, therefore the steel must 
be placed in the top of the concrete. 


The vertical shear is or 39 pounds per square inch, which 
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The left cantilever or toe has an upward pressure. At the 
extreme end it is 4,240 pounds and at the face of the vertical wall it 
is 3,200 — scaled from Fig. 118. The average pressure is (4,240+ 
3,200) -^2 = 3,720 pounds. The moment is, therefore, 

lf = 3,720X^X12 = 33,480 in.-lb. 

Let d=15, & = 12, and solve for R 

12xl5"x7? = 33,4S0 
7? =12.4 

This value of 12.4 for R is smaller than is found in Fig. 99. Since 
the bars in the vertical slab are bent in such a shape as to supply 
this tension, no further consideration of this stress is necessary 
in this problem. 

Some longitudinal bars must be placed in the wall to prevent 
temperature cracks, and also to tie the concrete together. About 
.003 per cent of the area above the ground is often used. In 
this case |-inch round bars spaced 18 inches on centers will be 
used. 

Reinforced Concrete Retaining Walls with Counterforts. In this 
type of wall the vertical slab is supported by the counterforts, 
the principal steel being horizontal. The counterforts act as 
cantilever beams, being supported by the footing. 

Illustrative Example. Design a reinforced-concrete wall with 
counterforts, the wall to be 20 feet high and the fill to be level with 
the top of the wall. 

The spacing of the counterforts is first determined. The 
economical spacing will vary from 8 feet to 12 feet or more, depend- 
ing on the height of the wall. A spacing of 9 feet on centers will be 
used for the counterforts in this case. Fig. 119. The maximum 
load on the slab is on the bottom unit and decreases uniformly to 
zero at the top, when the earth is horizontal with tl\e top of the wall, 
as in this case. Assume that the base plate will be 18 inches in 
thickness, then the center of the bottom foot of slab will be 18 feet 
from the top of the wall. Then pressure to be sustained by the 
lower foot of the slab wdll be 


2C5(5 
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in which P is the intensity of the horizontal pressure at any depth 
Ji, and w is the weight per cubic foot of the earth. 

P=4-X100X18 

6 

= 600 pounds per square foot 

Multiplying this value of P by the distance between the centers of 
the counterforts — 600 X 9 = 5,400 — ^the full load is obtained. 


7|f_ 5,400X9X12 
8 


= 72,900 in.-lb. 



Placing this value of M equal to 95 b in which 6 = 12, and 
solving for d, we have 

95X12 d2 = 72,900 
^2 = 64 
d =8 

Adding 2 inches to this— 8+2 = 10— for protecting the steel, the total 
thickness of the wall will be 10 inches. For convenience of con- 
struction the slab will be made uniform in thickness. The steel 
for the bottom inch will be .00675X18 = .054 square inch. .60 
.054 = 11 inches. That is, |-inch round bars may be spaced 11 


five per cent, and |-incli round bars, spaced 11 indies, will be used. 
In the third quarter, the required area will be one-half of that 
required for the first quarter. .054-7-2 = .027 square inch, or 
.44-^.027 = 16, that is, f-inch round bars spaced 16 inches on 
centers should be used. In the upper part of the wall use f-inch 
round bars, 18 inches on centers. 

To determine the requirements of the counterforts it will be 
necessary to determine the horizontal pressure against a section of 
the wall nine feet long. Referring to page 153, Part II, we see that 
Equation (7) is stated thus: 


E = tan2 (45°-^) 


WJi^ 

2 


Substituting in the modified form of Equation (7a) and multiplying 
by 9 

E = .286X ^^^^ — X9 
=44,048 lb. 

This load is applied at one-third of the height of the wall, wliich 
is 6.5 feet above the base. The moment in the counterfort is 


M = 44,048X6-1X12 
= 3,435,744 in.-lb. 

The width of counterfort must be sufficient to insure rigidity, 
to resist any unequal pressures, and to thoroughly embed the rein- 
forcing steel. The width is made by judgment and in this case 
will be made 12 inches wide. The counterfort and vertical slab 
together form a T-beam with a depth at the bottom of 84 inches. 
Allow 4 inches to the center of the steel, then cf=S0 inches; jd 
= .87d = .87X80 = 69.6 inches. 

M = A, XjdX 16,000 
3,435,744 = As X 69.6 X 16,000 
^s = 3.0 sq. in. 

Four one-inch round bars will give this area. Two of these bars 
will extend to the top of the wall and two may be dropped off at 
half the height. 
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be investigated for stability against overturning. 
Equation (7a) 


E = .286 


= .286X 


W¥ 

2 

100 


= 5,720 


Substituting in 


To find the center of gravity of the wall, it will be necessary to 
take a section 9 feet long, that is, center to center of counterforts. 


Center of Gravity of Concrete 

Moments taken about A 


Section 

Volume 

Cu. Ft. 

Moment 

Arm 

Volume 

Moment 

abed 

135.0 



ef h g 

138.8 

2.92 

405.3 

hfb 

57.0 

5.538 

306.7 


330.8 


1,387.0 


Distance from a to center of gravity 


1,387.0 

330.8 


=4.19 ft. 


Weight of 9 feet of wall = 330.8X150 = 49,620 lb. 

Static moment about a for section 9 feet long, 49,620X4.19 = 
207,908 ft.-lb. 

Center of Gravity of Earth 

Moments about A 


Section 

Volume 

Cu. Ft. 

Moment 

Arm 

Volume 

Moment 

fblh 

987.0 

6.66 

6,573.4 

b 1 h 

66.4 

7.77 

515.9 


1,053.4 


7,089.3 


Distance from a to center of gravity =6.73 ft. 

^ l,0o3.4 

Weight of earth per 9 feet of wall 1,053.4X100 = 105,340 lb. 
Static moment about a, for section 9 feet long equals 105,340 
X 6.73 = 708,930 ft.-lb. 

Distance from a to the resultant of the concrete and earth 
207,908+708,930_916,83S_. 
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Draw the line Wc+JVe at a distance 5.92 feet from A and 
produce the line E to meet it. From the intersection of these two 
lines lay off the sum of the weight of the concrete plus the weight of 
the earth at any convenient scale. At the end of this distance draw 
a line parallel to E and lay off on it the value found for E. Draw the 
resultant R . This line produced on to the base falls within the middle 
third, and therefore, the wall should be safe against overturning. 

Since the resultant cuts the base within the middle third, Q is 
greater than one-third of the width of the base and Equations (7d) 
and (7e) will be applied in finding the pressure on the base. Sub- 
stituting in Equation (7d) 

p 

Pressure at the toe = (4 B—QQ) — 

= (4X10-6X3.73)^^14^ 

10' 

= 27,304 lb. 

Dividing 27,304 by 9 we have 3,034 pounds, which is the weight per 
foot in length of the wall on the toe. 

The pressure at the heel is found by substituting in Equation 
(7e) 

Pressure at the heel =(QQ~2B) ^ 

= (6X3.73) -(2X10) — 

10 

= 3,688 lb. 

Dividing 3,688 by 9 gives 410 pounds, which is the weight per lineal 
foot at the heel. 

In designing the toe (left cantilever) there is the average pres- 
sure, (3,034 + 2,378) -i- 2 = 2,706, for which steel must be provided. 

2,706X2.5 = 6,765 

M = 6,765 X^ X 12 = 101,475 

With 6 = 12 and d=15 (the total thickness allowed was 18 inches), 
and solving for R, we have 
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Therefore C = 300 and 5 = 12,000^ approximately, and p = 
.0035. 

12 X 15 X. 0035 = .63 square inches of steel per lineal foot of wall, 
which is equal to |“inch round bars spaced 11 inches on centers. 
As a precaution against the load being concentrated under .the 
counterforts, three extra bars should be placed in the toe at these 
places. 

The rear portion of the footing is designed as a simple beam 
between the counterforts. It must have sufficient strength to sup- 
port the earth above it and also its own weight, although, as 
explained previously for the L-shaped wall, such a stress cannot be 
developed unless the wall were just at the point of overturning, and 
the investigation for stability shows that this cannot happen. The 
follovdng calculation therefore introduces an additional factor of 
safety in the design of the base slab of perhaps 2, in addition to 
the usual working factor of about 4. 

Weight of earth = 105,340 

Weight of base = 13,500 

118,840 lb. 

= 1,604,340 

8 

With 6 = 80 and d= 15, solve for R 

80xl5'xi?= 1,604,340 
R = 89 

From Fig. 99 we find, with steel stressed to 16,000 pounds, the 
concrete would be stressed to about 575 pounds per square inch and 
the required percentage of steel of .0062 will be required. 

.0062X80X15 = 7.44 sq. in. 

Nine bars 1 inch round, spaced 8 inches apart, will be required. 

In addition to the steel that has been required to satisfy the 
different equations, the bars in the vertical slab and those in the 
rear portion of the footing must be tied to the counterforts. (See 
Fig. 119.) A few bars should also be placed in the top of the footing, 
but no definite calculation can be made for them. The vertical 
slab should be reinforced for temnerature stresses. In this wall 
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Coping and Anchorages. Retaining walls generally have a 
coping at the top. This can be made to suit the conditions or the 
designer. When reinforced concrete walls are not stable against 
sliding, they can be anchored by making a projection of the bottom 
into the foundation. This is shown in Figs. 118 and 119. 

VERTICAL WALLS 

Curtain Walls. Vertical walls which are not intended to carry 
any weight are sometimes made of reinforced concrete. They are 
then called curtain walls, and are designed merely to fill in the 
panels between the posts and girders which form the skeleton frame 
of the building. When these walls are interior walls, there is no 
definite stress which can be assigned to them, except by making 
assumptions that may be more or less unwarranted. When such 
walls are used for exterior walls of buildings, they must be designed 
to w'ithstand wind pressure. This wind pressure will usually be 
exerted as a pressure from the outside, tending to force the wall 
inward; but if the wind is in the contrary direction, it may cause a 
lower atmospheric pressure on the outside, while the higher pressure 
of the air within the building will tend to force the wall outward. 
It is improbable, however, that such a pressure would ever be as 
great as that tending to force the wall inward. Such walls may be 
designed as slabs carrying a uniformly distributed load and sup- 
ported on all four sides. If the panels are approximately square, 
they should have bars in both directions and should be designed by 
the same method as “slabs reinforced in both directions”, as has 
previously been explained. If the vertical posts are inuch closer 
together than the height of the floor, as sometimes occurs, the prin- 
cipal reinforcing bars should be horizontal, and the walls should be 
designed as slabs having a span equal to the distance between the 
posts. Some small bars spaced about 2 feet apart should be placed 
vertically to prevent shrinkage. The pressure of the wind, corre- 
sponding to the loading of the slab, is usually considered to be 30 
pounds per square foot, although the actual wind pressure will very 
largely depend on local conditions, such as the protection which the 
buildina: receives from surrounding buildings. A pressure of thirty 



272 MASOJNKY AND KJKiJN FUKUiiJD 


desirable to make it any thinner. Since designing such walls is 
such an obvious application of the equations and problems already 
solved in detail, no numerical illustration will here be given. 


CULVERTS 


A flat slab design is generally used for spans up to 20 feet for both 
highway and railroad culverts. In highway construction, it is some- 



Fig. 120. Load Diagram for 60-Ton and 40-Ton Electric Cara 


times found more economical to use the girder bridge for spans as short 
as 14 or 16 feet. This discussion will be confined to box culverts for 


highway use. Concrete, and particularly reinforced concrete, is 



I I 


Fig. 121. Load Diagram for Road Roller 


now much used for culverts and 
bridges. Its permanence and free- 
dom from maintenance charges, 
compared with wood and with steel 
structures, is much in its favor. 

Classification by Loadings. 
Highway structures are usually 
divided into three classes, as 
follows : 

Class No. 1, Light highway 
structures for ordinary country 
use where the heaviest load may 
be taken as a 12-ton road roller. 
The uniform live load 100 pounds 
per square foot. 

Class No. 2. Heavy highway 
structures for use where 20-ton 


road rollers and electric cars of a minimum weight of 40 tons must be 


lorm. msLriuuLeu luau iuu puuuus per square luuc. 

Load- Diagrams, Diagrams representing the loadings for 40- 
and 60-ton cars and for road rollers are shown in Figs. 120 and 121, 
respectively. Since short-span structures are being considered, 
only one truck of a car will be on the culvert at one time. The truck 
of a car will be considered as distributing the load over an area 2 
feet longer than the center to center of the wheels, and of a width 


equal to the length of the ties, 
which is usually 8 feet. The 
fill will further distribute this 
load on a slope of | to 1. The 
fill over a culvert should never 
be less than 1 foot. For 
fast-moving cars the bending 
moment for the live load 
should be increased 35 per 
cent for impact when the fill 
is less than 5 feet. 

Example. Design a flat- 
slab culvert with a span of 15 feet 



to support a fill of 4 feet under the 

...,orlrTro-.r o 122. Design Diagram for Flat-Slab 

ties, a macadam roadway, and a with 15 - Foot Span 


40- ton car. 


Solution. The top will be considered first and a width of 1 foot will be 
taken. The fill at 100 pounds per cubic foot will equal 100X4X15 = 6,000 
pounds. The macadam would have a thickness of the rail plus the tie, which 
will be about 12 inches. This material at 125 pounds per cubic foot would equal 
125X1X15 = 1,875 pounds for a strip 1 foot wide. The maximum bending 
moment for the live load will occur when one of the trucks of a car is at the 
middle of the span. The load, 20 tons, will be distributed over an area, as shown 
in Fig. 122, 9 feet by 10 feet = 90 square feet. A strip 1 foot wide then must 
support 20X2,000-^10=4,000 pounds. The formula for this bending moment 
would be 


Substituting in this formula, we have 

12-126.000 


Add 30 per cent for impact 37,800 

Total moment for live load 163,800 


Assume that the slab will bo 22 inches thick, tlieu a Ktni) 1 loot wide 
weighs 1|X 15X150 = 4, 125 pounds. The total weight of the fill, macadam and 
concrete, is 12,000 pounds. The moment for this load is 


^ 12,000X15X12 

M g 


= 270,000 iu.-ll). 


Moment for live load 1()!1, S00 in.-lb. 

Total moment 43!1,S()0 


Placing this moment equal to 95 hiP, where h = 12, we have 
433,800 = 95X12 Xd- 
d-’ = 3S0 

<1 =19.5 inches 


Add 2| inches for protecting the steel, then the total thic^kness will bo 22 
inches. The steel required equals .00075X12X19.5 = 1.58 scitian; inches. Itoiind 
bars 1 inch in diameter, spaced 0 inches on centers, will satisfy (his nsiuircmumt. 

The shear at the point of supports will equal one-half i.he sum of (ho live 
and dead loads divided by the area of tho section. 


8,000 


12,000-[-4,000 

2 

8,000 


= 8,000 


■7: = 39 l)).])er sq. in. 


hjd 12X.87X19..0 
which is much less than the pcrmissiblo working load. Evem in thi.s case one- 
third of the bars should bo turned up at about 3 feet from tlui oud of (h() span. 

The horizontal pressure on tho side walls of the culvtnd i)rodu(!i>d by the 
earth will vary with the depth below the surface. Tlie ceni.eu’ of tluj toj) foot 
of the side walls is 7.5 feet and tho center of the botl.om foot is 12.5 feet below 
the surface of tho roadway. Substituting in Ecpiation (7) 


At the top 


P = 


TF/j_100X7j 
3 3 


= 250 lb. per sep f( , 


At the bottom 


100X12^ 


= 410 lb. per sq. f|.. 


The average pressure equals (250-1-410) -4-2 = 333 i)ound.s. This is not 
strictly accurate but sufficiently so for the side walls. Tin; live load is 4,0()0-r9 
= 444 per square foot. It will be assumed that (he horizont al ])n>ssure from the 
live load equals 444 -4-3 = 148 pounds per square foot, this load being independemt 
of the depth of the fill. The total live and dead loail is, therefore, 333-1-148 = 481 
pounds per square foot. 


M = 


481X02X12 


= 2.5,974 in.-lb. 


A slab with a thickness of 7 inches would satisfy this ecpiation. Since the 
side walls must support the top slab as well a.s the sid(^ pr(\ssur('s, they should 
not be much less in thickness than the top. Make tho walls 15 inches thick 
and reinforce them as shown in Fig. 122. 

The bottom is sometimes made the same as tlie top. This is 
not necessary unless the foundation is very soft and tlie load must 
be distributed over the whole area. In tliis case it will be made the 
same as the side walls and reinforced as shown. 
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stiffening the structure. Wing walls must 
be provided at the ends. Longitudinal 
reinforcement also must be provided. 

Example. Design a box culvert 5 feet square 
to support a road roller weighing 12 tons {Class 
No. 1), fill 2 feet deep. 

Solution, The maximum load will occur 
when the rear wheel is at the center of the span, 
which is two-thirds of 12 tons, or 8 tons, Fig. 123. 
This will be distributed over an area of 1 foot by 
9 feet 6 inches. The live load is, therefore, 
8X2,000-r-9.5 = l,664 pounds for a strip 1 foot 
wide. The dead load will be 100 X 2 =200 pounds 
per square foot for fill and, assuming that the top 
slab will be 8 inches thick, 12.5X8 = 100 pounds 
per square foot. 

The moments will be as follows: 



Fig. 123. Design Diagram for 
Box Culvert 5 Feet Square 


11* I 1 V ^ 

Live load M =" Xl2 = ’ , X 12 =24,960 in.-lb. 

4 4 

Add 35 per cent for impact = 24,960 X. 35= 8,736 in.-lb. 

TV 72 .300 V 52 

Dead load = ilf = X 12 = x 12 = 11,250 in.-lb. 

44,946 in.-lb. 


Placing this equal to 95 b where 5 = 12 

,95Xl2Xd’' = 44,946. 

d^= 39.43 
d = 6.28 


Make the total thickness 8 inches. The steel required equals .00675 X 
6.28 = .04239 square inch per inch of width, ^-inch round bars spaced 10 inches 
on centers will fulfill the requirements. 

The earth pressure on the sides is as follows: 


At the top 

At the bottom 

Average pressure 
Pressure for live load 
Total pressure 


Wh 

3 


100X3.2 

3 

100X7.2 


= 106 lb. per sq. ft. 
=240 lb. per sq. ft. 

Kf 

(106-1-240) -:-2 = 173 lb. per sq. ft. 
P = 1,604 -i-3 =555 lb. per sq. ft. 
1734*555 = 728 pounds 


The bending moment for this load is 
M 


^^^'xi2 =^^^1^X12 =27,300 in.-lb. 


8 


8 




The bottom will be made 8 inches thick, also, and reinforced with f-inch round 
bars, spaced 10 inches on centers. Temperature bars must also be provided. 

GIRDER BRIDGES 

Method of Design. Girder bridges are being extensively used 
for country highways for spans from 20 to 40 feet. They are 
sometimes used for spans up to 60 feet and often for spans 
as short as 16 feet. Fig. 124 shows the section of one-half the 



width of such a bridge. The slab of such a bridge must always 
be paved or macadamized so that no wheels will come direct on 
the concrete. 

Illustrative Exam'ple. Design a girder bridge with a clear span 
of 26 feet; width of roadway 16 feet; and two sidewalks each 4 feet 
6 inches wide. The loading for this bridge to be as specified for 
Class No. S, the car line being in the center of the bridge, a fill of 
six inches to be placed under the ties with a macadam-surfaced 
roadway. 

The slab for such a structure should never be less than 5 
inches thick on account of concentrated loads and shear due to road 
rollers and other such loads. The slab will be designed for a live 
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load of 500 pounds per square foot. The slab load and moment, 
therefore, would be as follows : 


Live load 
Slab, 5 inches 
Fill, 20 inches 


4X1X500=2,000 
r? X150X4= 250 
lfXl25X4= 833 
3,083 


3,100X4X12 

8 


18,600 


956^2 = 18,600 
95X12X^2=18,600 
d2 = 16.3 
d =4 


The steel area equals .00675X4X12, or .32 square inches per 
foot of width, which requires f-inch round bars, spaced 4 inches on 
centers. 

The outside girder Gi supports one-half of the sidewalk load, 
which is as follows : 


Live load 125 
Walk 4 in. thick 
Cinder fill 15 in. 
Slab 5 in. 

Girder 12x54 in. 


125X21X26 = 7,313 1b. 

50X21X26 = 2,9251b. 

60X11X21X26= 4,3881b. 
60X21X26 = 3,5101b. 

150X41X26X1 =^550 lb. 

35,686 lb. 


ilf = 


35,686X26X12 

8 


= 1,391,754 in.-lb. 


This moment placed equal to 95b d^, when 6 = 12, would only 
require a depth of 35 inches to the center of the steel, while the total 
depth of the beam is 54 inches. Therefore, make 6 = 12 and d = 51, 
and solve for the moment factor R. 


12x5fxi2 = 1,505,400 
7? = 48 


Referring to the diagram. Fig. 99, it is at once to be seen that 
when i2 = 48, the compression in the concrete will be low and 
that a percentage of steel of .005 is more than actually will be 
required. However, that amount will be used. 12 X 51 X .005 = 3.1 
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X 


traight and 2 turned up near the ends. The shear per square 
ich is small, but stirrups should be used. 

Girder Gs will next be designed. For this beam there are three 
Lve loads to be considered and the girder will be designed to support 
he maximum one combined with the dead load. The three live 
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Fig. 125. Diagrams for Loadings for Road Roller and Electric Car 


oads are: the uniform load of 125 pounds per square foot, a 
10-ton road roller, and a 40-ton electric car. 

The dead load and moment for this load will be as follows : 


Macadam and fill 
Slab 

Beam 12"X24" 
(assumed) 

l/T 


1§X125X5X26 = 27,084 lb. 
Ax 150X5X26= 8,125 1b. 
1X2X150X26= 7,800 1b. 

43,009 lb. 


43,000X26X12 


1 a'7'7 non lu 


foot would be 125X5X26 = 16,250 pounds. 


M- 


16,250X26X12 

8 


= 633,750 in.-lb. 


Since the fill is so small the weight of a road roller or car cannot 
be distributed to any great extent by this means, it will not be 
considered in the calculations. Each of these beams may be re- 
quired to support the whole weight of the front wheel and half the 
weight of the rear wheel. This moment will be a maximum when 
one wheel is one-fourth of the distance between the center of wheels 
from the center of the span of the bridge. 

The maximum reaction is at the right and is 


Ei = 


13,333X4.75 , 13,333X15.75 


26 


26 


= 10,478 


Then 


M = 10,478 X 10.25 X 12 = 1 ,288,794 in.-lb. 

The maximum load produced on girders Gz by an electric car 
takes place when one of the trucks is at the center of the span. Each 
of these girders at that time would be supporting one-fourth of the 
total weight of 40 tons, which is 10 tons, see Fig. 125. 

The moment is, therefore 

'20,000X26 20,000X7' 


i¥ = 


c 


8 


Add 35 per cent for impact 


-^12 = 1,350,000 
472,500 


1,822,500 

The electric car produces a greater bending moment than either 
of the other live loads and, therefore, will be used together with the 
dead load. That is, 1,822,500-1-1,677,000 = 3,499,500. Let d equal 
25.5, then 25. 5 X. 88 = 22.4 inches. The required amount of steel 
then is 3,499,500-7-22.4x16,000 = 9.8 square inches. Eight bars Ij 
inches in diameter will be used, one-half of which will be turned up 
in pairs at different points near the ends of the girder. 

The shear in this girder will be 
pounds. 

31,500 


K20,000 4-43,000) =31,500 


F = - 


12X23 

Therefore stirrups must be used. 


= 114 lb. per sq. in. 


They should be f of an inch 


in diameter, used throughout the length of the girder, and spaced 
not over 6 inches apart near the ends of the girders. 

The bending moment for girder Gz will be taken as the mean 
of girders Gi and Gs, plus the dead load, which will be as follows : 

(?i = 1,505,400 in.-lb. 

(?3 = 3,499,500 in.-lb. 

1,505,4004-3,499,500 = 5,004,900 in.-lb. 

Ga = 5,004,900 2 = 2,502,450 in.-lb. 

The steel required equals 2,502,450-^22.4x16,000 = 7 square 
inches. Seven bars IJ inches in diameter will be used, f of which 
will be turned up near the ends of the girders. Use f-inch shear bars. 

In designing girder bridges the designer must always investigate 
the shear in the girders and the compression in the T-b earns very 
carefully and see that these stresses are satisfied. 

Arch Culverts. Arch culverts come under the head of arches 
and as the general subject of arches, and especially the application 
of reinforced concrete to arch construction, is taken up in Part V, 
this subject will not be further discussed here. 

COLUMNS 

Methods of Reinforcement. The laws of mechanics, as well as 
experimental testing on full-sized columns of various structural 
materials, show that very short columns, or even those whose length 
is ten times their smallest diameter, will fail by crushing or shearing 
of the material, assuming that the line of pressure is practically coin- 
cident with the axis of the column. If the columns are very long, 
say twenty or more times their smallest diameter, they will prob- 
ably fail by bending, which will produce an actual tension on the 
convex side of the column. The line of division between long and 
short columns is, practically, very uncertain, owing to the fact that 
the center line of pressure of a column is frequently more or less 
eccentric because of irregularity of the bearing surface at top or 
bottom. Such an eccentric action will cause buckling of the column, 
even when its length is not very great. On this account, it is always 
wise, especially for long columns, to place reinforcing bars within 
the column. The reinforcing bars consist of longitudinal bars 
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bands of small bars spaced from 6 to 18 inches apart vertically, 
which bind together the longitudinal bars. The longitudinal bars 
are used for the purpose of providing the necessary transverse 
strength to prevent buckling of the column. As it is practically 
impossible to develop a satisfactory theory on which to compute the 
required tensional strength in the convex side of a column of given 
length, without making assumptions which are themselves of doubt- 
ful accuracy, no exact rules for the sizes of the longitudinal bars 
required to resist buckling in a column wdll be given. The bars 
ordinarily used vary from | inch square to 1 inch square; and the 
number is usually four, unless the column is very large — 400 square 
inches or larger — or is rectangular rather than square. It has been 
claimed by many, that longitudinal bars in a column may actually 
be a source of danger, since the buckling of the bars outward may 
tend to disintegrate the column. This buckling can be avoided, and 
the bars made mutually self-supporting, by means of the bands 
which are placed around the column. These bands are usually 
|-inch or |-inch round or square bars. The specifications of the 
Prussian Public Works for 1904 require that these horizontal bars 
shall be spaced a distance not more than 30 times their diameter, 
which would be 7^ inches for J-inch bars, and 11 ^ inches for f-inch 
bars. The bands in the column are likewise useful to resist the 
bursting tendency of the column, especially when it is short. They 
will also reinforce the column against the tendency to shear, which 
is the method by which failure usually takes place. The angle 
between this plane of rupture and a plane perpendicular to the line 
of stress is stated to be 60°. If, therefore, the bands are placed at 
a distance apart equal to the smallest diameter of the column, any 
probable plane of rupture will intersect one of the bands, even if the 
angle of rupture is somewhat smaller than 60°. 

The following specifications are from the code for Greater New 
York (1912): 

27. Axial compression in columns without hoops, bands, or spirals, and 
with not less than | nor more than 4 per cent of vertical reinforcement secured 
against lateral displacement by steel ties placed not farther apart than 15 diam- 
eters of the rods nor more than 12 in., shall not exceed 500 lb. per sq. in. on 
the concrete nor 6,000 lb. per sq. in. on the vertical reinforcement. 


and in no case more than three inches, and with not less than 1 nor more than 
4 ner cent of vertical reinforcement, shall not exceed 725 lb. per sq. in. on the 
concrete within the hoops or spirals nor 8,700 lb. per sq. in. on the vertical 
reinforcement. 

Design of Columns. It may be demonstrated by theoretical 
mechanics, that if a load is jointly supported by two kinds of material 
with dissimilar elasticities, the proportion of the loading borne by 
each will be in a ratio depending on their relative areas and moduli 
of elasticity. The formula for this may be developed as follows: 

C =Total unit compression upon concrete and steel in pounds per square 
inch = total load divided by the combined area of the concrete and 
the steel 

c=Unit compression in the concrete, in pounds per square inch 
s = Unit compression in the steel, in pounds per square inch 
p = Ratio of area of steel to total area of column 
E 

n=-j~ = ratio of the moduli of elasticity 

Mjc 

= Deformation per unit of length in the steel 
€ = Deformation per unit of length in the concrete 
= Area of steel 
Ac = Area of concrete 


The total compressive force in the concrete equals AcXc; and 
that in the steel equals A^Xs. 

The sum of these compressions equal the total compression; and 
therefore 

C (ylc+yls) = Ac c-\-AsS 

The actual lineal compression of the concrete equals that of the 
steel; therefore 

Ec' E, 


From this equation, since n = 


e: 


we may write the equation nc = s 


Solving the above equation for C, we obtain 

^ A qC “ 1 ~ s 

Ac-^Ag 

Substituting the value of s — nc, we have 


Substituting this value of 


Ac-i~^ 

C = c (l-p-j-p n) 

Solving this equation for p, we obtain 


in the above equation, we have 


C-c 

c{n—l) 


( 55 ) 


Examples. 1. A column is designed to carry a load of 160,000 pounds. 
If the column is made 16 inches square, and the load per squai-e inch to be 
carried by the concrete is limited to 500 pounds, what must be the ratio of the 
steel and how much steel would be required? 

Solution. A column 16 inches square has an area of 256 square inches. 
Dividing 160,000 by 256, we have 625 pounds per square inch as the total unit 
compression upon the concrete and the steel, which is C in the above formula. 
Assume that the concrete is 1: 2:4 concrete, and that the ratio of the moduli of 
elasticity n is, therefore, 15. Substituting these values in Equation (55), we have 


625-500 
^ 500(15-1) 


= .01786 


Multiplying this ratio by the total area of the column — 256 square inches — we 
have 4.57 square inches of steel required in the column. This would be amply 
provided by 4 bars If inches square. The bands, if made of l-inch bars, 
should be spaced not more than 7^ inches (15 diameters) apart. 

2. A column 16 inches square is subjected to a load of 126,000 pounds 
and is reinforced by four |-inch square bars besides the bands. What is the 
actual compressive stress in the concrete per square inch, assuming the same 
grade of concrete as above? 

Solution. Dividing the total stress, 126,000, by the area, 256, we have 
the combined unit stress C = 492 pounds per square inch. By inverting one of 
the equations above, we have 

C 

1 — p+np 

In the above case, the four |-inch bars have an area of 3.06 square inches; and 
therefore 

3 . 06 m f> 1 r 

Substituting these values in the above equations, we have 
492 492 

l-.012+(. 012X15) "" 1.16”8^^^^ 


The net area of the concrete in the above problem is 252.94 square 
inches. Multiplying this by 421, we have the total load carried by 



the concrete, which is 106,488 pounds. Subtracting this from 

126.000 pounds, the total load, we have 19,512 pounds as the com- 
pressive stress carried by the steel. Dividing this by 3.06, the area 
of the steel, we have 6,376 pounds as the unit compressive stress in 
the steel. This is practically fifteen times the unit compression in 
the concrete, which is an illustration of the fact that if the compres- 
sion is shared by the two materials in the ratio of their moduli of 
elasticity, the unit stresses in the materials will be in the same ratio. 
This unit stress in the steel is about four-tenths of the working stress 
which may properly be placed on the steel. It shows that we cannot 
economically use the steel in order to reduce the area of the concrete, 
and that the chief object in using steel in the columns is in order to 
protect the columns against buckling, and also to increase their 
strength by the use of bands. 

It sometimes happens that in a building designed to be struc- 
turally of reinforced concrete, the column loads in the columns of the 
lower story may be so very great that concrete columns of sufficient 
size would take up more space than it is desirable to spare for such 
a purpose. For example, it might be required to support a load of 

320.000 pounds on a column 15 inches square. If the concrete 
(1:2:4) is limited to a compressive stress of 500 pounds per square 
inch, we may solve for the area of steel required, precisely as was 
done in Example 1. We should find that the required percentage of 
steel was 13.17 per cent, and that the required area of the steel was, 
therefore, 29.6 square inches. But such an area of steel could carry 
the entire load of 320,000 pounds without the aid of the concrete, 
and would have a compressive unit stress of only 10,800 pounds. 
In such a case, it would be more economical to design a steel column 
to carry the entire load, and then to surround the column with 
sufficient concrete to fireproof it thoroughly. Since the stress in 
the steel and the concrete are divided in proportion to their relative 
moduli of elasticity, which is usually about 12 to 15, we cannot 
develop a working stress of say 16,000 pounds per square inch in 
the steel without at the same time developing a compressive stress 
of 1,100 to 1,300 pounds in the concrete, which is objectionably high 
as a working stress. 

Hooped Columns. It has been found that the strength of a 



the column by numerous hoops or bands or by a spiral of steel. The 
basic principle of this strength can best be appreciated by considering 
a section of stovepipe filled with sand and acting as a column. The 
sand alone, considered as a column, would not be able to maintain 
its form, much less to support a load, especially if it were dry. But 
when it is confined in the pipe, the columnar strength is very con-' 
siderable. Concrete not only has great crushing strength, even when 
plain, but can also be greatly strengthened against failure by 
the tensile strength of bands which confine it. The theory of the 
amount of this added resistance is very complex, and will not be 
given here. The general conclusions, in which experimental results 
support the theory, are as follows : 

1. Tlie deformation of a hooped column is practically the same as that 
of a plain concrete column of equal size for loads up to the maximum for a plain 
column. 

2. Further loading of a hooped column still further increases the shorten- 
ing and swelling of the column, the bands stretching out, but without causing 
any apparent failure of the column. 

3. Ultimate failure occurs when the bands break, or, having passed their 
elastic hmit, stretch excessively. 

Hooped columns may thus be trusted to carry a far greater unit 
load than plain columns, or even columns with longitudinal rods and 
a few bands. There is one characteristic that is especially useful for 
a column which is at all liable to be loaded with a greater load than 
its nominal loading. A hooped column will shorten and swell very 
perceptibly before it is in danger of sudden failure, and will thus give 
ample warning of an overload. 

Considere has developed an empirical formula based on actual 
tests, for the strength of hooped columns, as follows: 

Ultimate strength = c'H +2.4 s'pyl (56) 

where c' is ultimate strength of the concrete; s' is elastic limit of the 
steel; p is ratio of area of the steel to the whole area; and A is whole 
area of the column. This formula is applicable only for reinforce- 
ment of mild steel. Applying this formula to a hooped column 
tested to destruction by Professor Talbot, in which the ultimate 
strength c' of similar concrete was 1,380 pounds per square inch, 
the elastic limit s' of the steel was 48,000 pounds per square inch; 
the ratio p of reinforcement was .0212; and the area A was 104 
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have, for the computed ultimate strength, 400, ()()() pounds. The 
actual ultimate by Talbot’s test was 351,000 pounds, or about 86 
per cent. 

Talbot has suggested the following formulas for the ultimate 
strength of hooped columns per square inch : 

Ultimate strength = 1,600+ 65,000 (for mild steel) (57) 

Ultimate strength = 1,600+100,000 p (for high steel) (58) 

In these formulas p applies only to the area of concrete within 
the hooping; and this is unquestionably the corre(‘t i)rinciple, as the 
concrete outside of the hooping should be considered merely as fire 
protection and ignored in the numerical calculations, just as the con- 
crete below the reinforcing steel of a beam is ignorc'd in calculating 
the strength of the beam. The ratio of the area of the steel is com- 
puted by computing the area of an equivalent thin cylinder of steel 
which would contain as much steel as that actually uschI in the bands 
or spirals. For example, suppose that the spiral r('inforc('me.nt con- 
sisted of a -|-inch round rod, the spiral having a pitch of 3 inches. 
A +inch round rod has an area of .196 square inch. That area for 3 
inches in height would be the equivalent of a solid band .0653 inch 
thick. If the spiral had a diameter of, say, 11 inches, its circum- 
ference would be 34.56 inches, and the area of metal in a horizontal 
section, would be 34. 56 X. 0653, or 2.257 square inches. The area 
of the concrete within the spiral is 95.0 square inches. The value of 
p is therefore 2.257-^95.0 = .0237. If the +inch bar were made of 
high-carbon steel, the ultimate strength per square inch of the column 
would be 1,600+ (100,000X.0237) = 1,600+2,370, or 3,970. The 
unit strength is considerably more than doubled. The ultimate 
strength of the whole column is, therefore, 95X3,970, or 377,150 
pounds. Such a column could be safely loaded with about 94,300 
pounds, provided its length were not so great that there was danger 
of buckling. In such a case, the unit stress should be reduced accord- 
ina: to the usual ratios for 1 000" f'olllTnilt! fM' nrilim-in hp 
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of the column. Tlic theoretical demonstration of the amount of 
this eccentricity depends on assumptions which may or may not be 
found in practice. The following formula is given without proof or 
demonstration, in Taylor and Thompson’s treatise on Concrete; 

/'=/(l+y) ( 59 ) 

in which e is eccentricity of load; b is breadth of column; / is average 
unit pressure;/' is total unit pressure of outer fiber nearest to line of 
vertical pressure. 

As an illustration of this formula, if the eccentricity on a 12-inch 
column were 2 inches, we should have h equals 12, and e equals 2. 
Substituting these values in Equation (59), we should have/' equals 
2/, which means that the maximum pressure would equal twice the 
average pressure. In the extreme case, where the line of pressure 
came to the outside of the column, or when e equals | h, we should 
have a maximum pressure on the edge of the column equal to four 
times the average pressure. 

Any refinements in such a calculation, however, are frequently 
overshadowed by the uncertainty of the actual location of the center 
of pressure. A column which supports two equally loaded beams 
on each side is probably loaded more symmetrically than a column 
which supports merely the end of a beam on one side of it. The 
best that can be done is arbitrarily to lower the unit stress on a 
column that is probably loaded somewhat eccentrically. 

TANKS 

Design. The extreme durability of reinforced-concrete tanks 
and their immunity from deterioration by rust, which so quickly 
destroys steel tanks, have resulted in the construction of a large 
and increasing number of tanks in reinforced concrete. Such tanks 
must be designed to withstand the bursting pressure of the water. 
If they are very high compared with their diameter, it is even possi- 
ble that failure might result from excessive wind pressure. The 
method of designing one of these tanks may best be considered 
from an example. 

Illustrative Examyle. Suppose that it is required to design a 
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a capacity of 50,000 gallons. At 7.48 gallons per cubic foot, a 
capacity of 50,000 gallons will require G,GS4 cubic feet. If the inside 
diameter of the tank is to be 18 feet, then the 18-foot circle will con- 
tain an area of 254.5 square feet. The depth of the water in the 
tank will, therefore, be 2G.26 feet. The lowest foot of the tank will 
therefore be subjected to a bursting pressure due to 25.26 vertical 
feet of water. Since the water pressure per square foot increases 62| 
pounds for each foot of depth, we shall have a total pressure 
of 1,G10 pounds per square foot on the lowest foot of the tank. 
Since the diameter is 18 feet, the bursting pressure it must resist 
on each side is |(1SX 1,610), or 14,490 pounds. If we allow 
a working stress of 15,000 pounds per square inch, this will 
require .9G6 square inch of metal in the lower foot. Since the 
bursting pressure is strictly proportional to the depth of the water, 
we need only divide this number proportionally to the depth to obtain 
the bursting pressure at other depths. For example, the ring one foot 
high, at one-half the depth of the tank, should have .483 square inch 
of metal; and that at one-third of the depth should have .322 square 
inch of metal. The actual bars required for the lowest foot may be 
figured as follows ; .966 square inch per foot equals .0805 square inch 
per inch; |-inch square bars, having an area .5625 square inch, will 
furnish the required strength when spaced 7 inches apart. At one- 
half the height, the required metal per lineal inch of height is half 
of the above, or .040. This could be provided by using |-inch bars 
spaced 14 inches apart; but this is not so good a distribution of 
metal as to use f-inch square bars having an area of .39 square inch, 
and to space the bars nearly 10 inches apart. It would give a still 
better distribution of metal to use f-inch bars spaced 6 inches apart 
at this point, although the f-inch bars are a little more expensive per 
pound, and, if they are spaced very closely, will add slightly to the 
cost of placing the steel. The size and spacing of bars for other 
points in the height can be similarly determined. 

A circle 18 feet in diameter has a circumference of somewhat 
over 5G feet. Assuming, as a preliminary figure, that the tank is 
to be 10 inches thick at the bottom, the mean diameter of the base 
ring would be 18.83 feet, which would give a circumference of over 
59 feet. Allowing a lap of 3 feet on the bars, this would require 


to have bars rolled of this length, they are very difficailt to handle, 
and require to be transported on the railroads on two flat ears. It is 
therefore preferable to use bars of somewhat more than half this 
length, say 32 feet 6 inches, and to make two joints in each band. 

The bands which are used for ordinary wooden tanks are usually 
fastened at the ends by screw bolts. Some form of joint, which is 
as strong as the bar, should be used. It has been found that if 
deformed bars are overlapped from IS inches to 3 feet, according 
to their size, and are then wired together tightly so that their lugs 
interlock, it will require a greater force than the strength of the bar 
to pull the joints apart after they are once thoroughly incased in 
the concrete and the concrete has hardened. 

Test for Overturning. Since the computed depth of the water 
is over 2G feet, w^e must calculate that the tank will be, say 28 
feet high. Its outer diameter will be approximately 20 feet. The 
total area exposed to the surface of the wind will be 560 square feet. 
We may assume that the wind has an average pressure of 50 pounds 
per square foot ; but, owing to the circular form of the tank, we shall 
assume that its effective pressure is only one-half of this; and there- 
fore, w^e may figure that the total overturning pressure of the wind 
equals 560 X 25, or 14,000 pounds. If this is considered to be applied 
at a point 14 feet above the ground, we have an overturning moment 
of 196,000 foot-pounds, or 2,352,000 inch-pounds. 

Although it is not strictly accurate to consider the moment of 
inertia of this circular section of the tank as it would be done if it 
were a strictly homogeneous material, since the neutral axis, instead 
of being at the center of the section will be nearer to the compression 
side of the section, our simplest method of making such a calcadation 
is to assume that the simple theory applies, and then to use a generous 
factor of safety. The efl’ect of shifting the neutral axis from the 
center toward the compression side will be to increase the unit com- 
pression on the concrete and reduce the unit tension in the steel ; but, 
as will be seen, it is generally nece.ssary to make the concrete so thick 
that its unit compressive stress is at a very safe figure, wdiile the 
reduction of the unit tension in the steel is merely on the side of safety. 

Applying the usual theory, we have, for the moment of inertia of 
a ring section, .049 (dd — Let us assume as a preliminary 


momem aue to wiou 


i¥ = 


cl 

hk 


rX 45,3:^7,842 
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in which |ch = 118 inches. 

Solving the above equation for c, we have c ('(|uals a fraction 
less than 6 pounds per square ineh. This pri'ssun; is so utterly 
insignificant, that, even if we double or treble it to allow for the 
shifting of the neutral axis from the center, and also double or trc'ble 
the allowance made for wind pressure, although the j)ressur(‘. chosen is 
usually considered ample, we shall still find that tlu'n' is ])raetieally 
no danger that the tank will fail owing to a crushing of tlu^ concrete 
due to wind pressure. 

The above method of computation has its vahu' in ('stimating 
the amount of steel required for vertical reinforcement. ( )n tiu' basis 
of 6 pounds per square inch, a sector with an average width of 1 inch 
and a diametral thickness of 10 inches would sustain a conii)r('ssion 
of about 60 pounds. Since we have been figuring working stn'sscs, 
we shall figure a working tension of, say 16, 000 pounds i)('r scpiare 

inch in the steel. This tension would therefore r('(iuir(^ — , or 

^ Hi, ()()() 

.0037 square inch of metal per inch of width. Ev('n if I -inch bars 
were used for the vertical reinforcement, tluy would lUH'd to be 
spaced only about 17 inches apart. This, how(‘vi'r, is on the basis 
that the neutral axis is at the center of the section, which is known to 
be inaccurate. 

A theoretical demonstration of the position of the neutral iixis 
for such a section is so exceedingly complicated that it will not be 
considered here. The theoretical amount of steel rccpiired is always 
less than that computed by the above ap])roximate nuhhod; l)ut tlu' 
necessity for preventing cracks, which would cause Icsikagc', would 
demand more vertical reinforcement than would b(' rccpiin'd by wind 
pressure alone. 

Practical Details of Above Design. It was assumed as an 
approximate figure, that the thickness of the concrete side wall at 



the base of the tank should be 10 inches. The calculations have 
shown that^ so far as wind pressure is concerned, such a thickness is 
very much greater than is required for this purpose; but it will not 
do to reduce the thickness in accordance with the apparent require- 
ments for wind pressure. Although the thickness at the bottom 
might be reduced below 10 inches, it probably would not be wise to 
make such reduction. It may, however, be tapered slightly towards 
the top, so that at the top the thickness will not be greater than 
6 inches, or perhaps even 5 inches. The vertical bars in the lower 
part of the side wall must be bent so as to run into the base slab of 
tank. This will bind the side wall to the bottom. The necessity 
for reinforcement in the bottom of the tank depends very largely 
upon the nature of the foundation, and also, to some extent, on the 
necessity for pro\dcling against temperature cracks, as has been 
discussed on preceding pages. Even if the tank is placed on a firm 
and absolutely unyielding foundation, some reinforcement should be 
used in the bottom in order to prevent cracks which might produce 
leakage. These bars should run from a point near the center and 
be bent upward at least 2 or 3 feet into the vertical wall. Sometimes 
a gridiron of bars running in both directions is used for this purpose. 
This method is really preferable to the radial method. 
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MASONRY AND REINFORCED 
CONCRETE 

PART IV 


CONCRETE CONSTRUCTION WORK 

MACHINERY FOR CONCRETE WORK 

Concrete Plant. No general rule can be given for laying out a 
plant for concrete work. Every job is, generally, a problem by 
itself, and usually requires a careful analysis to secure the most 
economical results. Since it is much easier and cheaper to handle the 
cement, sand, and stone before they are mixed, the mixing should 
be done as near the point of installation as possible. All facilities for 
handling these materials, charging the mixer, and distributing the 
concrete after it is mixed must be secured and maintained. The 
charging and distributing are often done by wheelbarrows or carts; 
and economy of operation depends largely upon system and regu- 
larity of operation. Simple cycles of operations, the maintenance 
of proper runways, together with clocklike regularity, are necessary 
for economy. To shorten the distance of wheeling the concrete, it is 
very often found, on large buildings, that it is more economical to 
have two medium-sized plants located some distance apart, than 
to have one large plant. In city work, where it is usually impossible 
to locate the hoist outside of the building, it is constructed in the 
elevator shaft or light well. In purchasing a new plant, care must 
be exercised in selecting machinery that will not only be satisfactor}’- 
for the first job, but that will fulfill the general needs of the purchaser 
on other work. All parts of the plant, as well as all parts of any one 
machine, should be easy to duplicate from stock, so that there will 
not be any great delay from breakdowns or from the use of worn- 
out parts. 

The design of a plant for handling the material and concrete, 
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amount of concrete to be mixed per day, and the total amount 
required on the contract. It. is very evident that on large jobs it 
pays to invest a large sum in machinery to reduce the number of men 
and horses; but, if not over 50 cubic yards are to be deposited per 
day, the cost of the machinery is a big item, and hand labor is gen- 
erally cheaper. The interest on the plant must be charged against the 
number of cubic yards of concrete; that is, the interest on the plant 
for a year must be charged to the number of cubic yards of concrete 
laid in a year. The depreciation of the plant is found by taking the 
cost of the entire plant when new, and then appraising it after the 
contract is finished, and dividing the difference by the total cubic 
yards of concrete laid. This will give the depreciation per cubic 
yard of concrete manufactured. 

CONCRETE MIXERS 

Characteristics. The best concrete mixer is the one that turns 
out the maximum of thoroughly mixed concrete at the minimum 
of cost for power, interest, and maintenance. The type of mixer with 
a complicated motion gives better and quicker results than one with 
a simpler motion. There are two general classes of concrete mixers — 
coniinmus mixers and hatch mixers. A continuous mixer is one into 
which the materials are fed constantly, and from which the concrete 
is discharged constantly. Batch mixers are constructed to receive 
the cement with its proportionate amount of sand and stone, all at 
one charge, and, when mixed, discharge it in a mass. No very distinct 
line can be drawn between these two classes, for many of these mixers 
are adapted to either continuous or batch mixing. Usually, batch 
mixers are preferred, as it is a very difficult matter to feed the mixers 
uniformly unless the materials are mechanically measured. 

Continuous mixers usually consist of a long screw or pug mill 
that pushes the materials along a drum until they are discharged in a 
continuous stream of concrete. Where the mixers are fed with auto- 
matic measuring devices, the concrete is not regular, as there is no 
reciprocating motion of the materials. In a paper read before the 
Association of American Portland Cement Manufacturers, S. B. 
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of the material is mixed the required time, and then discharged, are the only 
type which will be found effective. 

Concrete mixers use one of three different methods of combining 
the ingredients: the gravity, the rotary, or the paddle principle. 

Gravity Mixers. Gravity mixers are the oldest type of concrete 
mixers. They require no power, the materials being mixed by 
striking obstructions which throw them together in their descent 
through the machine. These mixers are of simple construction 
comprising a steel trough or chute in which are contained the mixing 
members, consisting of pins or 
blades. The mixer is portable, 
and requires no skilled labor to 
operate it. There is nothing to 
get out of order or cause delays. 

It is adapted for both large and 
small jobs. In the former case, 
it is usually fed by measure, and 
by this method will produce con- 
crete as fast as the materials 
can be fed to their respective 
bins and the mixed concrete 
can be taken from the dis- 
charge end of the mixer. On 
very small jobs, the best way 
to operate is to measure the 
batch in layers of stone, sand, and cement, respectively, men with 
shovels feeding them to the mixer. 

There are two spray pipes placed on the mixer: for feeding by 
hand, one spray, only, would be used; the other spray is intended 
for use only when operating with the measure and feeder, and a large 
amount of water is required. These sprays are operated by handles 
which control two gate valves and regulate the quantity of water 
flowing from the spray pipes. 

These mixers are made in two styles, sectional and non-sectional. 
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Rotary Mixers. Type. The cube mixer shown in Fig. 

127 consists of a cubical box of steel, at diagonally opposite corners 
of which hollow trunnions are provided which ride on rollers and 
support the drum. These trunnions are made large enough to serve 
as openings for charging and discharging the mixer. To rotate the 
cube, a circumferential rack is fastened around the drum, at right- 
angles to, and midway between, the hollow trunnions. This rack is 



Fig. 127. Austin Improved Concrete Mixer 
Courtesy of Municipal Ejiginecring and Coiiiracling Company, Chicago, Illinois 


in mesh with a pinion shaft which is driven by the engine or motor. 
To discharge the mixer, an automatic dumping device is manipu- 
lated by the engine operator. At the charging end the usual form 
of hopper is provided. There are no paddles or blades of any kind 
to assist in the mixing, the stirring and kneeding of the cement 
being brought about by the tumbling action of the rotating cube. 

S m ith T we. Rotating mixers which contain reflectors or bl ad es . 






Fig. 128. Smith Mixer on Skids with Driving Pulley 
Courtesy of T. L. Smith Company, Milwaukee, IViscoresin. 


Fig. 129. Interior of Smith Mixer Drum 
Courtesy of T. L. Smith Company, Milwaukee, Wisconsin 





to side. Many or these maclunes can be failed and dumped while 
running, either by tilting or by their chutes. Pig. 128 illustrates the 
Smith mixer, and Fig. 129 gives a sectional view of the drum, and 
shows the arrangement of the blades. This mixer is furnished on 
skids with driving pulley. The concrete is discharged by tilting the 
drum, which is done by power. 


Fig. 130. Ransome Gasoline-Driven Concrete Mixing Outfit with Fixed Batch Hopper. 

Discharge Chute in Position for Mixing 
Courtesy of Ransome Concrete Machinery Company, Chicago, Illinois 

Ramome Type. Fig. 130 represents a Ilaiisome mixer, which is a 
batch mixer. The concrete is discharged after it is mixed, without 
tilting the body of the mixer. It revolves continuously even while the 
concrete is being discharged. Riveted to the inside of the drum are 
a number of steel scoops or blades. These scoops pick up the material 
in the bottom of the mkxer, and, as the mixer revolves, carry the 
material upward until it slides out of the scoops, which, therefore, 
assist in mixing the materials. 




Sviith-Chicago Tyyc. The Srnith-Chicago mixer, like the Run- 
some, does not tilt its drum when discharging the concrete. Dis- 
charge is accomplished by placing the chute in the position shown 
in Fig, 131. The outfit shoAvn consists of the mixer, steam engine, 
boiler, power charger, and water tank mounted on a steel truck. 

Paddle Mixers. Paddle mixers may be either continuous or of 
the batch type. Mixing paddles, on two shafts, revolve in opposite 



Fig. 131. Smith-Chicago Concrete Mixer on Steel Truck with Steam Engine and Boiler. 
Chute Shown in Discharging Position 
Courtesy of T. L. Smith Company, Milwaukee, Wisconsin 


directions, and the concrete falls through a trapdoor in the bottom of 
the machine. In the continuous type, the materials should be put in 
at the upper end so as to be partially mixed while dry. The water is 
supplied near the middle of the mixer. Fig. 132 represents a type of 
the paddle mixer. 

Automatic Measurers for Concrete Materials. Mechanical 
measuring machines for concrete materials have not been very 


tage of moisture, and then is suddenly su])])lie(l witli sand luudng 
greater or less moisture, tlio adjustment must Ix^ changed or the 
mixture will not be unifonn. If tlie attx'iidant does not wateli 
the condition of the materials v(‘ry elosi'ly, tlu^ ])ro])ortions of the 
ingredients will vary greatly from what they should. 



SOURCES OF POWER 

General Considerations. In each ease the source of j)ower for 
operating the mixer, conveyors, hoists, derricks, or cableways must 
be considered. If it is possible to run the nnielniu'ry by eleetrieity, it 
is generally economical to do so. But this will depend a gn'at deal 
upon the local price of eleetrieity. ^^'h(M^ all tlu^ maehiiu'ry can be 
supplied with steam from one centrally located boiler, this arrange- 
ment will be found perliaps more ellieieiit. 

In the construction of some reinforeed-eonenhx' buildings, a part 
of the machinery was operated by steam jind a ])a,rt by eleetrieity. In 
constructing the Ingalls Building, Cincinnati, the inaehinery was 
operated by a gas engine, an eleetrie motor, and a st('a.m engine. The 
mixer was generally run by a motor; but by shifting the belt, it could 
be run by the gas engine. The hoisting w.as done by a 2()-horsopower 


TABLE XXV 

Dimensions for Ransome Steam Engines 


No. OF Mixer 

1 

- ! 

3 

4 

Size of Batch 

10 cu. ft. 

20 cu. ft. j 30 cu. ft. 

40 cu. ft. j 

Capacity per Hour (Cu. Yds.) 

10 

1 

20 30 

1 

40 

1 

fEngine 

Horsepower Rated 

Required- 

Boiler 

[Rated 

6 by G 

7 h.p. 

.30 by 72 

10 h.p. 

7 by 7 

10 h.p. 

36 by 78 

15 h.p. 

S by S 

14 h.p. 

36 by 96 

20 h.p. 

9 liy 9 

20 h.p. 

42 by 102 
30 h.p. 

Speed of Drum 
(R ev. per min.) 

16 

15 

14 

14 

Speed of Driving Shaft 
(R ev. per min.) 

116 

122 

94 



Lidgerwood engine. This engine 
was also connected up to a boom 
derrick, to hoist lumber and steel. 
The practice of operating the 
machinery of one plant by power 
from different sources is to be 
questioned; but the practice of 
operating the mixer by steam and 
the hoist by electricity seems to 
be very common in the construc- 
tion of buildings. A contractor, 
before purchasing machinery for 
concrete work, should carefully 
investigate the different sources 
of power for operating the ma- 
chinery, not forgetting to' con- 
sider the local conditions as well 
as general conditions. 

Power for Mixing Concrete. 
A vertical steam engine is gen- 
erally used to operate the mixer. 



lugiiie for 
Machinery 
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niixors arc moiintccl on the same frame; but, on account of the 
weight, it is necessary to mount the. larger si/A'S on si'parate frames. 
Fig. 133 shows a Raiisome <lisk crank, vertical engine, and 'Talilc 
XXV is taken from a Ransome catalogue on concrete maclnnery. 
These engines arc well built, heavy in construction, and will stand 
liard work and high speed. 

Gasoline Engines. Casolinc engiiu's are used to some (‘xtent 
to operate concrete mixers. Their ns(‘, so far, lias lieen limited 

chielly to])ortable plants, 
siieli as are used for stnu't 
work. The fuel for the. 
gasoline engine is much 
easier movi'd from ])lace 
to place than the fuel for 
asteammigine. Another 
advantage tluit the gaso- 
line engine has over the 
steam engine is that it 
does not rcipiin' the con- 
stant attention of an en- 
gineer. 

Then' ari' two ty])es 
ol’ engines- - the Itonzoiiial 
and the veiilcal. The 
vu'rtical engines occupy 
much less floor space for 
a given horsepower than 
the hori/Auital. While 
each type has its advan- 
tages and disadvantages, 
there docs not really 
appear to be any very great advantages of one type over the other. 
Both types of engines are what are commonly known as Jonr-riidc 

pmriiu'K Tn .. .1 ,.,,,.1,. 1 n J.l... 


i;il. Typical SinKlc-CyliiKlcr UusdIiiu' Kii^iiiic lui 
Hoi.sliriK Piirptwcs 

CoitUiwiy of FairbdiikH, Morm: it ('omjmnn, ('hiriiiio 


about 1 gallon for each rated horsepower for any given size of engine. 
At 15 cents per gallon for gasoline, the hourly expense per horse- 
power will be 1.5 cents. 

HOISTING AND TRANSPORTING EQUIPMENT 
General Types of Units. When the concrete requires hoisting, 
it is done sometimes by the same engine that is used in mixing the 
concrete. It is generally considered better practice on large buildings 
to have a separate engine to do the hoisting. If it is possible to use a 
standard hoist, it is usually economical to do so. These hoists are 
equipped with automatic dump buckets. 

Typical Hoisting Engine. Fig. 135 shows a standard double- 
cylinder, double-friction-drum hoisting engine of the Lambert type. 



Fig. 135. Lambert Hoisting Engine 

This type of engine is designed to fulfill the requirements of a general 
contractor for all classes of derrick work and hoisting. Steam can be 
applied by a single boiler, or from a boiler that supplies various 
engines with steam. The double-friction drums are independent of 
each other; therefore one or two derricks can be handled at the same 
time if desired. This hoist is fitted with ratchets and pawls, and 
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9,000 
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23 
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heads can be used for any lioistingor luudingdesired, in(lej)eiid('nt of 
the drums. These engines are also gearc'd with reversible link motion. 



Fig. ISO. Single Drum, emiu-rriiUiim Bolt lliiim, 

Courlrun of Rniimmv, Concrete Mnchinnn (’iiniinun/, (’liicntio 

^ The standard sizes and dimensions of Lambert hoisting engines are 
given in Table XXVI. 

Cone=Friction Belt Hoist. A single drum coneTric'tion hoist of 
the Ransome type is illustrated in Fig. Idb. Tlu' same engine that 






drives the mixer can be used to operate the crab hoist. By means 
of a belt this hoist can be connected up to any engine and, when so 
connected, is ready for hoisting purposes. The hoisting drum is 
controlled by one lever. This hoist can be run by an electric motor, 
if desired. 




Fig. 137. Type “K” Hoisting Motor Showing Fields Parted 
Courteiiu uf Wesiinghouse Electric and Mannfnclurinu Comiiainj, 
East Pittsburgh. Pennsylvania 


Electric Motors. Very often the cycle of operation of a hoist 
is of an intermittent character. The power required is at a maximum 
only a part of the time, even though the hoist may be operated 
practically continuously. From an economical point of view, these 
conditions give the electric-motor-driven hoist special advantages, in 
that the electric hoist would always be ready, but using power only 
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handled. The ease with which a motor is moved, and the simplicity 
of the connection to the service supply — requiring only two wires to 
be connected — are also in favor of the electric motor. 

Fig. 137 shows a motor made by the Westinghouse Electric and 
Manufacturing Company, which is designed for the operation of 
cranes and hoists, or for intermittent service in which heavy starting 
torques and a wide speed variation are required. The frames are 
enclosed, to guard against dirt and moisture, but are so designed that 
the working parts may be exposed for inspection or adjustment 
without dismantling. These motors are series-wound, and are 

designed for operating on direct-cur- 
rent circuits. The motor frames are 
of cast steel, nearly square in section 
and very compact. The frame is 
built in two parts, and so divided 
that the upper half of the field can be 
removed without disturbing the gear 
or shaft, making it easy to take out a 
pole piece and field coils, or to remove 
the armature. Fig. 138 shows the 
controller for tliis type of motor. 
These controllers, when used for 
crane service, may be placed directly 
in the crane cage and operated by 
hand, or mounted on the resistance 
frames outside the cage, and operated 
by bell cranks and levers, so that the 
attendant may stand closer to the 
operating handles and away from the contacts and resistance. 

Polyphase induction motors are being used to some extent for 
general hoisting and derrick work. These motors may be of the 
two-phase or three-phase type; but the latter are slightly more 
efficient. These motors are provided with resistances in the motor 
circuit, and with external contacts for varying the same. Two 
capacities of resistance can be furnished : (a) intermittent service, 



Fig. 13S. Westinghouse Regulating 
and Reversing Control 


Ill constructing large reinforced- 
concrete buildings, usually a sepa- 
rate hoist is used to elevate the steel 
and lumber for the forms. It may 
be equipped with either an electric 
motor or an engine, depending upon 
the general arrangement of the 
plant. These hoists are usually of 
the single-drum type. 

Hoisting Buckets. In building 
construction, concrete is usually 
hoisted in automatic dumping buck- 
ets. The bucket is designed to 
slide up and down a light framework 
of timber, as shown in Fig. 139, and 
to dump automatically when it 
reaches the proper place to dump. 
The dumping of the buckets is ac- p 
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complished by the bucket pitching | 
forward at the point where the front ^ 
guide in the hoisting tower is cut 
off. The bucket rights itself auto- 
matically as soon as it begins to 
descend. These buckets are often 
used for hoisting sand and stone as 
well as concrete. The capacity of 
the buckets varies from 10 cubic 
feet to 40 cubic feet. Fig. 140 
shows a Ransome bucket which has 
been satisfactorily used for this pur- 
pose. 

Methods of Charging Mixers. 

The mixers are usually charged by 
means of wheelbarrows, although 
other means are sometimes used. 
Fig. 141 shows the type of wheel- 
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barrow customarily used for this Fig. 139. Details of Hoisting Tower with 


Automatic Dumping Bucket 






former size being generally used, though with good runways, a man 

eaii handle 4 cubie feet of stone 
or sand in a well-eonstrncted 
wheelbarrow. 

In ordinary massive concrete 
construction, as foundations, 
piers, etc., wlu'ni it is not neci's- 
•sary to hoist the concrcti^ after it 
is mi.\('d, t]iemix('r is nsnally elc- 
vat('d so that the concn'tc' can be 
discharged directly into wlu'cl- 
barrows, carts, cars, or a chute 
from which tlu' wlna'lbn.rrows or 
Fig. 110. iioisL liiKiki'iH I'lir (“irts ai'c. tdicd. It is much bi't™ 

Cuurlcsu (if Riinnoini: Cmirn'tn Mnr.li inert! ^ (llSi haig( tllO ( OlH I( t illt.O 

Co, n,anu, Chian, 0 rccidviiig chute thaii to dis- 

charge it directly into the conveyor. The chute <’an be emi)ti('d while 
the mixer is being charged and rotated; while, if tlu^ concrete is dis- 
charged directly into wheelbarrows or carts, tlu'ri^ mn.st b(' (Miongh 



1 11. "Pypical ( 'ont'n'U' Hnrniw 
(.oiirtcuj/ ttf RiuiNomr Co/irn fr MttrJihtt r;/ t 


wheelbarrows or carts wmiiiuj to recci^'(^ the discharge, or the man 
charging the mixer will be idle while tlu; mixc'r is lu'ing discharged. 
A greater objection is, that if the ma.n in charge; of the mixer finds 
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Fig. 142. Details of Concrete Mixer Erected 


Fig. 143. 


Smith Concrete Mixer on Truck with Gasoline Engine, Power 
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that the charging men or conveying men are waiting, he is very 
apt to discharge the concrete before it is thoroughly mixed, in an 

effort to keep all the men 
busy. A platform is built 
at the elevation of the 
top of the hopper, through 
which the materials are 
fed to the mixer. Fig. 142. 
This is a rather expensive 
operation for mixing con- 
crete, and should always 
be avoided when possible. 

In Fig. 143 is shown 
a charging elevator man- 
ufactured by the T. L. 
Smith Company of Mil- 
waukee, Wisconsin. The 
bucket is raised and low- 

Fig. 144. Koehring Steam-Driven Concrete Mixer with CFcd by the Same eilgillC 
Side Loader and Water Measuring Tank i i i 

Courtesy of Koehring Machine Company, by which the COnCrete IS 

Milwaukee, Wisconsin, ^ i • • 

mixed, and it is operated 
by the same man. The capacity of the charging bucket is the same 

as that of the mixer. 

In Fig. 144 is shown 
an automatic loading 
bucket which has been 
devised by the Koehring 
hlachine Company for 
charging the mixers made 
' by them. The bucket is 
operated by a friction 
clutch, and is provided 
with an automatic stop. 

In using either make of 
these charging buckets, 
it is necessary to use 


Fig. 145. Typical Concrete Cart 
Courtesy of Ransome Concrete Machinery Company, 
Chicago 
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Transporting Mixed Concrete. Concrete is usually transported 
by wheelbarrows, carts, cars, or derricks, although other means are 
frequently used. It is essential, in handling or transporting concrete, 
that care be taken to prevent the separation of the stone from the 
mortar. With a wet mixture, there is not so much danger of the stone 
separating. Owing to the difference in the time of setting of Portland 
cement and natural cement, the former can be conveyed much farther 
and with less danger of the initial setting taking place before the 
concrete is deposited. When concrete is mixed by hand, wheelbarrows 
are generally used to transport the concrete ; and they are very often 
used, also, for transporting 
machine -mixed concrete. 

The wheelbarrows used are of 
the type shown in Fig. 141 . 

About I5 cubic feet of wet 
concrete is the average load 
for a man to handle in a wheel- 
barrow. 

Fig. 145 shows a cart of 
the Ransome make, for trans- 
porting concrete. The capa- 
city of these carts is 6 cubic 
feet, and one man can push or 
pull them over a plank run- 
way. The runways are made 
of two planks, and in width 
are at least a foot wider than 
the distance between the 
wheels. These planks are fastened together on the back with 2- by 
6-inch cross pieces, and made in sections so that they can be handled 
by four men. 

When it is necessary to convey concrete a longer distance than is 
economical by means of Avheelbarrows or carts, a dumping car, run on 


Fig. ld(5, Typiciil Hotiiry Dump Car 
Courlcay of Ransomo Concrete Machinery Company^ 
Chicago 


_ i_. _ ^ • Pi 1 


"n* „ ^ in i 


p . „ _ 


mi 


312 MASONRY AND REINFORCED CONCRETE 


bination of car and derrick work is easily made by using flat cars with 
derrick buckets. 

Boilers. Upright tubular boilers are generally used to supply 
steam for concrete mixers and hoists operated by steam engines^ when 
they are isolated. For the smaller sizes of mixers, the boilers are on 
the same frame as the engine and mixer. Fig. 131 shows a Smith- 
Chicago mixer, engine, and boiler mounted on the same frame. In 
a similar manner the boiler is often fastened to the same frame as the 
hoisting engine. This arrangement cannot be used for the larger sizes 
of mixers and hoists, as they are too heavy to be handled conveniently. 

When it is possible, the mixer and hoists should be supplied with 
steam from one centrally located boiler. A portable boiler is then 
generally used. 

SPECIFICATIONS FOR CONSTRUCTION PLANTS 

Woodworking Plant. A portable woodworking plant can very 
often be used to advantage in shaping the lumber for the forms, when 
a large building is to be erected. The plant can be set near the site of 
the building to be erected, and the woodworking done there. The 
machinery for such a plant should consist of a planer adapted for 
surfacing lumber on three sides, a ripsaw, and a crosscut circular 
saw; in some cases, a band saw can be used to advantage. Usually, 
the difference in cost between surfaced and unsurfaced lumber is so 
slight that the lumber could not be surfaced in a plant of this kind, 
for the difference in cost; but perhaps it would be more uniform in 
thickness. In such a plant the ripsaw and the crosscut saw would be 
found to be the most useful; and, if reasonable care is taken, this 
machinery will soon pay for itself. It is often difficult to get work 
done at a planing mill when it is wanted; and if a contractor has his 
own woodworking machinery, he wall be independent of any planing 
mill. A plant of this kind can be operated by a steam or gasoline 
engine or by an electric motor. 

Plant for Ten=Story Building. The plant used by Cramp and 
Company in constructing a reinforced-concrete building in Phila- 
delphia will be described to show the arrangement of the plant rather 



forced concrete, except that the interior columns in the lower floors 
were constructed of angles and plates and fireproofed with concrete. 
The power plant for the building is located at a level of about seven 
feet below the basement floor. The hoisting shaft is built in the 
elevator shaft located in the rear of the building. The hoisting tower 


fxterior Wall 




is constructed of four 4- by 4-inch corner-posts, and well braced with 
2- by 6-inch plank. Two guides are placed on opposite sides; also one 
on the front. Fig. 147. The front guide was made in lengths equal to 
the height of different floors of the building. Fig. 147 shows the 
location of the machinery, all of which is of the Ransome make. The 










out, and the concrete was dumped automatically, by the bucket tip- 
ping forward, the bucket righting itself as soon as it began to descend. 

The capacity of the mixer and hoisting bucket, per batch, was 20 
cubic feet. A 9- by 9-inch, 20-horsepower vertical engine was used to 
mix and hoist the concrete, steel, structural steel for columns, and lum- 
ber for the forms. A30-horsepowerboilerwasusedtosupplythe steam; 
this boiler was located several feet from the engine, and is not shomi in 
the plan view of the plant. A Ransome friction crab hoist was used to 
hoist the concrete, and was connected to the engine by a sprocket wheel 
and chain. The steel and lumber were hoisted by means of a rope, 
wrapped three or four times around a winch head which was on the 
same shaft as the mixer. The rope extended vertically up from the 
pulley, through a small hole in each floor, to a small pulley at the height 
required to hoist the lumber or steel; it then extended horizontally 
to another pulley at the place where the material was to be hoisted, 
the rope descending over the pulley to the ground. A man was sta- 
tioned at the engine to operate the rope. There were two rope haulages 
operated from the pulley on the engine shaft, one being used at a 
time. On being given the signal, the operator wrapped the rope 
around the winch head three or four times, kept it in place, and took 
care of the rope that ran off the pulley as material was being hoisted. 

"V^dieelbarrows were used in charging the mixer, and handcarts 
were used in distributing the concrete. The runways were made by 
securely fastening two 2- by 10-inch planks together in sections of 
12 to 16 feet, which were handled by two men. By keeping the run- 
way in good condition, two men were usually able to distribute 
the concrete, except on the lower floors, and when it was to be 
transported the full length of the building. The capacity of the 
carts was 6 cubic feet each. Concrete for the ninth floor was 
hoisted and placed at the rate of 15 cubic yards per hour. 

Plant for the Locust Realty Company Building. The plant used 
for constructing a five-story reinforced-concrete building, 117 feet 
by 200 feet, for the Locust Realty Company, by Moore and Com- 
pany, is a good example of a centrally located plant. Near the center 
of the building is an elevator shaft, in which was constructed the 
framework for hoisting the concrete. Fig. 148 shows the arrange- 
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Fig, 148. Diagrammatic Layout 
for Typical Concrete Plant 


necessary to wheel the materials up an incline. An excavation was 
made below the level of the basement 

floor for the hoisting bucket. The mix- engine 

ing was done by a steam engine located on r =^ r 

the same frame as the mixer. The con- mopper 

Crete was hoisted by a hoisting engine _ „ 7 

which was located about twenty feet from 

the shaft. A small hoisting engine was boiler ^^engine 

also used for hoisting the steel and lum- 

ber used for forms; as this engine was 

located some distance from the rest of the Fig, 148. Diagrammatic Layout 

. , . , , • TT ^ .lo rro for Typical Concrete Plant 

plant, it IS not shown in Ing. 148. Ihe 

three engines are supplied wdth steam from a portable boiler which is 
located as shown in the figure. The efficiency of this plant was 
shown in the mixing and hoisting of the concrete for the second 
floor, when 240 cubic yards were mixed and hoisted in 16 hours, or 
at an average rate of 1 cubic yard in 4 minutes. 

All materials were delivered at the front of the building; it was 
necessary, therefore, to transport the cement, sand, and stone about 
100 feet to the mixer. This was done by means of wheelbarrows 
of 4 cubic feet capacity, which were especially designed and made for 
the Moore Company. A 1 : 2 :4 concrete was used, mixed in batches of 
14 cubic feet. The materials for a batch, therefore, consisted of 2 
bags of cement, 1 wheelbarrow of sand, and 2 wheelbarrow^s of stone. 

The lumber for the forms W'as l|-inch plank, except the support 
and braces. Details of the forms will be given and discussed under 


the heading of ‘Torms”. 

Concrete Plant for Street Work. A self-propelling mixing and 
spreading machine has been found very desirable for laying concrete 
base for street pavements. Fig. 149 illustrates a plant of this kind, 
devised by the Municipal Engineering and Contracting Company. 

The mixer is of the improved cube type, mounted on a heavy 
truck frame. The concrete is discharged into a specially designed 
bucket, which receives the whole batch and travels to the rear on a 
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Fig. 149. Rear Wevr of Special Street Miser Showing Swinging Concrete Depositing Boom 
Courtesy of J^lunicipul Engi^i^iring mid C'^miracting Cornpfzny^ Chicngo 



horizontal swing of about 170 degrees, so that a street 50 feet wide is 
covered. An inclined track is also constructed, on which a bucket 
is operated for elevating and charging the mixer. The bucket is 
loaded while resting on the ground, with the proper ingredients for a 
batch, from the materials that have been distributed in piles along 
the street. The bucket is then pulled up the incline, and the contents 
dumped into the mixer. An automatic water-measuring supply tank, 
mounted on the upper part of the frame, insures a uniform amount 
of water for each batch mixed. The power for hoisting, mixing, and 
distributing the concrete, and propelling the machine was furnished 
by a 16-horsepower gasoline engine of the automobile type. The 
machine can be moved backward as well as forward, and is supplied 
with complete steering gear. 


MISCELLANEOUS OPERATIONS 

Concrete=Block Machines. There are two general types of 
hollow-concrete-block machines on the market — those with a vertical 



rig. 150. “Hercules” Cement Stone Machine 
Courtesy of Century Cement Company, Rochester, New York 


face and those with a horizontal face. In making blocks with the 
vertical-faced machine, the face of the block is in a vertical position 
when molded, and is simply lifted from the machine on its base 
plate. The horizontal-faced type of block is made with the face 
down, the face plate forming the bottom of the mold. The cores are 
withdrawn horizontally, or the mold is turned over and the core is 
taken out vertically; the block is then ready for removal. The 
■nrincinal difference in the two tvnes of machine is that, if it is desired 


to put a special facijif^ on tlio ])]()ck, it is uion; (•oi)V('ni(')it to do it with 
a horizontal-faced machine. With the vertical-faced maehine, the 
si^ecial facing is put oji by tjie use of a j)arting platen W lu'u the part- 
ing plate is removed, the two mixtures of concrete arce hoiuh'd together 
by tamping the coarser material into tlu^ facing mixtunn 

Fig. 150 shows a Hercules machine. Flu' foundation jjarts can 
be attached for making any length of block nj) to 0 hs't. 'The illus- 
tration shows two molds of dillerent h'ligths at la,elied. 'rin'se'inaehiiu's 
are constructed of iron and steel, excei>t that tju^ i)all(‘ts (t he plates on 



Fig. 151. Group of Blonka mnile on ‘‘llonnilo.a’’ Miicliino 

which the blocks are taken from tlu^ maehiiu') may Ix'cntlu'r wood or 
steel. Ihis type of maehine is tlu‘ horizontal or fac('-down maehine. 

In big. 151 are shown a group of tlu‘ various forms which may Ix^ 
made. Ihe figure also illustrati's tlu' facility with which concr(’te 
may be utilized for ornamentid as well as strnctnral ])nrposcs. 

Another machine of the face-down tyj)(' is shown in h'ig. 152. 
Ihis machine, the hh'al, is simple in construction and o[x'rati()n, 
and, being portable, it is convenic'iit to opera! (>. In making blocks 
with this machine, the cores are removi'd by nu'ans of a. h'vcr, while 
the block is in the position in which it was madm ddie mold and 





and gives a better block. 

In Fig. 154 is shown a Hobbs 
face-down, wet-process block ma- 
chine. The front and sides of the 
machine can be let down, thus 
facilitating the removal of the 
blocks. The cores ate shown 
withdrawn in the figure. 

Cement=Brick Machines. 
Fig. 155 shows a machine for 
making cement brick. Ten 
bricks, 2f by SJ by 8 inches, are 
made at one operation. By using 



Fig. 152. “Ideal” Concrete Block Machine 
Cottrlesu Jilcal Concrete MarJnnery Company, 
Cincinnali, Ohio 



a machine in which the 
bricks are made on the 
side, a wetter mixture of 
concrete can be used than 
if they are made on the 
edge. The concrete 
usually consists of a mix- 
ture of 1 part Portland 
cement and 4 parts sand. 
The curing of these bricks 
is the same as that for 
concrete blocks. In mak- 
ing these bricks, a num- 
ber of wood pallets are 
required, as the brick 
should not be removed 
from the pallet until the 
concrete has set. 

Sand Washing. It 
sometimes becomes nec- 
essary to wash dirty sand, which can easily be obtained, while clean 


Fig. 153. 


“Ideal" Automatic Tamper Used in Connection 
with Block Machine 
Courtesy of Ideal Concrete Maqhinery Company, 
Cincinnati, Ohio 
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sand can be secured only at a high cost. If only a small quantity is 
to be washed, it may be done with a hose. A trough should be built 

about 8 feet wide and 15 feet 
long, the bottom having a 
slope of about 19 inches in its 
entire length. The sides 
should be about 8 inches 
high at the lower end, and 
increase gradually to a height 
of about 36 inches at the 
upper end. In the lower end 
of the trough should be a gate 
about 6 inches high, sliding 
in guides so that it can be 
easily removed. The sand is 
placed in the upper end of the 
trough, and a stream of water 
is played on it. The sand and 
water flow down the trough, 
and the dirt passes over the 
gate with the overflow water. With a trough of the above dimen- 
sions, and a stream of water from a f-inch hose, three cubic yards 
of sand should be washed in an hour. 

Concrete mixers are often 
used for washing sand. The sand 
is dumped into the mixer in the 
usual manner and the water is 
turned on. When the mixer is 
filled with water so that it over- 
flows at the discharge end, the 
mixer is started. By revolving 
the mixer, the water is able to 

Fig. 155. “Ceatury” Cement Brick Machine , .i jc . e .i i 

separate the dirt from the sand, 


Fig. 154. Hobbs Face-Down, Wet-Process Con- 
crete Block Machine 

Courtesy of Hobbs Concrete Machinery Company, 
Detroit, Michigan 



BUILDING FORMS 


General Requirements. In actual construction work, tlie cost 
of forms is a large item of expense and offers tlie best field for the 
exercise of ingenuity. For economical work, the design should consist 
of a repetition of identical units; and the forms should be so de\dsed 
that it will require a minimum of nailing to hold them, and of labor 
to make and handle them. Forms are constructed of the cheaper 
grades of lumber. To secure a smooth surface, the planks are planed 
on the side on which the concrete will be placed. Green lumber is 
preferable to dry, as it is less affected by wet concrete. If the surface 
of the planks that is placed next to the concrete is well oiled, the 
planks can be taken down much easier, and, if kept from the sun, 
they can be used several times. 

Crude oil is an excellent and cheap material for greasing forms, 
and can be applied with a whitewash brush. The oil should be 
applied every time the forms are used. The object is to fill the 
pores of the wood, rather than 
to cover it with a film of grease. 

Thin soft soap, or a paste made 



from soap and water, is also 
sometimes used. 


Fig. 155. Typical Form of Construction 
Showing Tongued-and-G roovcd 
and Bevcled-Edge Boards 


In constructing a factory building of two or three stories, usually 
the same set of forms is used for the different floors; but when the 
building is more than four stories high, two or more sets of forms are 
specified, so as always to have one set of forms ready to move. 

The forms should be so tight as to prevent the water and thin 
mortar from running through and thus carrying off the cement. 
This is accomplished by means of tongued-and-grooved or beveled- 
edge boards. Fig. 156; but it is often possible to use square lumber 
if it is wet thoroughly, so as to swell it before the concrete is placed. 
The beveled-edge boards are often preferred to tongued-and-grooved 
boards, as the edges tend to crush as the boards swell, and beveling 


prevents buckling. 

Lumber for forms may be made of 1-inch, l|-inch, or 2-inch 
plank. The spacing of studs depends in part upon the thickness of 
concrete to be supported, and upon the thickness of the boards on 
which the concrete is placed. The size of the studding depends upon 
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very heavy or high walls, 2- by 4-iiich or 2- by 6-inch studs are used. 
For ordinary floors with 1-inch plank, the supports should be placed 
about 2 feet apart; with l|-inch plank, about 3 feet apart; and with 
2-inch plank, 4 feet apart. 

The length of time required for concrete to set depends upon the 
w’eather, the consistency of the concrete, and the strain which is 
to come on it. In good drying weather, and for very light work, 
it is often possible to remove the forms in 12 to 24 hours after 



Fig. I.”. Forms for Columns, (a) Common Method 
of C.'oii.struetion; (b) Method in Con- 
struct iiig Ilarvaril Stadium 


placing the concrete, if there 
is no load placed on it. The 
setting of concrete is greatly 
retarded by cold or wet 
weather. Forms for con- 
crete arches and beams must 
be left in place longer than 
in wall -work, because of the 
tendency to fail by rupture 
across the arch or beam. In 
small, circular arches, like 
sewers, the forms may be 
removed in 18 to 24 hours, 
if the concrete is mixed dry ; 
but if wet concrete is used, 
in 24 to 48 hours. Forms 
for large arch culverts and 
arch bridges are seldom 
taken down in less than 2S 
days. The minimum time 
for the removal of forms 
should be : 


For bottom of slabs and sidos of beams and girders, 7 days 

For bottom of beams and girdoivs, 14 daj's 

For columns, 4 days 

For walls, not loaded, 1 to 2 tlays 

For bridge arches, 28 days 

The concrete should be thoroughly examined before any forms 
are removed. Forms must be taken down in such a way as not to 
deface the structure or to disturb the remaining supports. 
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Forms for Columns. In constructing columns, tlie forms 
are usually erected complete, the full height of the columns, and con- 
crete is dumped in at the top. The concrete must 
be mixed very wet, as it cannot be rammed very 
thoroughly at the bottom, and care must betaken 
not to displace the steel. Sometimes the forms 
are constructed in short sections, and the concrete 
is placed and rammed as the forms are built. The 
ends of the bottom of the forms for tlie girders 
and beams are usually supported by tlie column 
forms. To give a beveled edge to* the comer of 
the columns, a triangular strip is fastened in the 
corner of the forms. 

Fig. 157-.1 shows the common way, or some 
modification of it, of constructing forms for col- 
umns. The plank may be 1 inch, inches, or 2 
inches thick; and the cleats are usually 1 by 4 
inches and 2 by 4 inches. The spacing of 
the cleats depends on the si7.e of the columns F!!?. irjs. Forma for 

. !• 1 *111 SquuI'u Columns 

and the thickness of the vertical plank. 

Fig. 157-Zi shows column 
forms similar to those used in con- 
structing the ^ar^•ard stadium. 
The planks forming each side of 
the column are fastened together 
liy cleats, and then the four sides 
are fastened together by slotted 
cleats and steel tie-rods. These 
forms can be quickly and easily 
removed. 

Fig. loS shows a column form 
in which concrete is placed and 
rammed as the form is con- 
structed. Three sides are erected 

Fig. 1 . 59 . Forma for Round Columns licigllt, aild the StCcl 

t 11 mi P .1 *1 • ^ !.4.R 1 ! 1 
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buildings. Fig. 159 shows a form that has been used for this type 
of column. The columns for which these forms "vVere used were 20 
inches in diameter, and had a star-shaped core made of structural 
steel. The forms for each column were made in two parts and bolted 
together. The sides were made of 2- by 3-inch plank surfaced on all 
four sides, beveled on two, and held in place by steel bands, J by 2^ 



inches, spaced about feet apart. One screw in the outer plank of 
both parts of each band, together with a few intermediate screws, 
held the planks in place. The building for wiiich these forms were 
made w'as ten stories in height. Enough forms were provided for 
two stories, wiiich w'as sufficient, as they could be removed when the 
concrete had been in place one W'eek. Later, these same forms were 
used in constructing the interior columns of a six-story building. 
Some difficulty w^as experienced in removing these forms, owing to 



Fig. 161. Forms for llciuforced Concrete Slab Supported by I-Beams 


the concrete sticking to the plank. But had the forms been made in 
four sections, instead of two, and well oiled, it is thought that this 
trouble wmuld have been avoided. Columns constructed with forms 
as shown in Fig. 159 will not have a round surface, but will consist 

r.P 01 Tl? J 



the concrete to the desired radius. Forms for octagonal columns can 
be made in a manner somewhat similar to these just described. 

Forms for Beams and Slabs. 

A very common style of form for 
beam and slab construction is 
shown in Fig. 160. The size of 
the different members of the 
forms depends upon the size of 

the beams, the thickness of the FSb- 102 . Forms for Reinforced Concrete Slab 
' between I-Beams 

slabs, and the relative spacing 

of some of the members. If the beam is 10 by 20 inches, and the 
slab is 4 inches thick, then 1-inch plank supported by 2- by 6-inch 



timbers spaced 2 feet apart will 
support the slab. The sides and 
bottom of the beams are enclosed 
by l|-inch or 2-inch plank sup- 
ported by 3- by 4-inch posts 
spaced 4 feet apart. 



Fig. 103. Forms for Floor-Slab on I-Beams 


In Fig. 101 are shown the forms for a reinforced-concrete slab, 


with I-beam construction. These forms are constructed similarly 


to those just described. 

A slab construction sup- 
ported on I-beams, the bottom 
of which is not covered with con- 
crete, may have forms con- 
structed as shown in Fig. 162. 
This method of constructing 
forms was designed by hlr. Wil- 
liam F. Kearns (Taylor and 
Thompson, “Plain and Rein- 
forced Concrete”). 

The construction of forms 
for a slab that is supported on the 
top of I-beams is a compara- 
tively simple process, as shown in 



Fig. KM. Beam and Slab Forms for Locust 
Really Company Building 


Fig. 163. In any form of I-beam and slab construction, the forms 


can be constructed to carry the combined weight of the concrete 
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concrete, it is not so easily done as when the haunch rests on the 
bottom flange, as shown in Fig. 162, or when it is a flat plate, as 
shown in Fig. 163. 

Forms for Locust Realty Company Building. The forms used 
in constructing the building for the Locust Realty Company (the 

mixing plant has already been 
described), present one rather un- 
usual feature. The lumber for 
the slabs, beams, girders, and col- 
umns was all the same thickness, 
1| inches. Fig. 164 shows the 
details of the forms for the beams 
and slabs. The beams are spaced 
about 6 feet apart, and are 8 by 
16 inches; the slab is 4 inches 
thick. A notch is cut into the 1|- 
by 6-inch strip on the side of the 
beams, to support the 2- by 4- 
inch strip under the plank which 
supports the concrete for the slab. 
The posts supporting the forms 
are 3|- by 3|-inch, and are braced 
by two 1- by 6-inch boards which 
are spaced about 3 feet apart 
and extend in the direction of 
the beams. 

Fig. 165 shoAvs the forms for 
the columns. The planks for each 
side of the column are held to- 
gether by the 1- by 4-inch strip, 
and, when erected in place, are 
clamped by the 2- by 4-inch strip. 
A large opening is always left at 
the bottom of the form for each column, so that all shavings and 
sawdust can be removed. This opening is closed just before the 
concrete is deposited. 

Cost of Forms for Buildings. An anal^'sis of the cost of forms 



Fig. 105. 


Column Forms for Looust lically 
Company Building 


neering. The basis of his estimate is made on using |-inch by 6-inch 
tongiied-and-grooved lumber for slab forms; If -inch dressed plank 
for the sides and bottom of the beams and girders; and posts 4- by 
4-inch, spaced 6 feet center to center. He makes the further 
assumption that it cost S20.00 per thousand feet of lumber to make 
and set one floor of forms; that it cost $15.00 per thousand feet of 
lumber to strip the forms and reset them on the next floor; and 
that it cost about S8.00 per thousand feet to strip the forms and 
lower them to the ground. 

With the size of the beams and girders as shown in Fig. 166, 
Mr. Lamb states that it will take an average of 4 feet, board measure, 
to erect each square foot of floor area. The basis of his estimate is 
as follows; That 1.5 board feet of lumber per square foot of floor is 
required for the slab; that for every square foot of beam surface, 
including the bottom, 3.2 board feet per square foot is required; 
and that for each square foot of girder, including the bottom, 3.6 
board feet of lumber is required. 

Taking these figures, for the 
panel shown, the slab will require 

1.5 board feet per square foot; 
the beams, which are S- by 18- 
inch, will have 3 feet 8 inches of 
surface per lineal foot; and mul- 
tipl^’ing this by 3.2 board feet 
per square foot, and dividing by 

7.5 feet, the distance center to 
center of beams, we find that 
1.56 board feet per square foot 
of floor surface is required. Tak- 
ing the girder in the same way, with 4 feet S inches of surface, 
multiplied by 3.6 board feet, and divided by IS feet, the distance 
center to center of girders, we find that .94 board foot per square 
foot of floor is required. The total of the lumber required, then, is 

1.5 board feet for the slab, 1.56 board feet for the beam, and .94 
board foot for the girders — a total of 4 board feet per square foot of 
floor area. 

In this estimate for an eight-story building, three sets of forms 
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Roof. Stripping the sixth floor, resetting, altering to form valleys, and 
Anally stripping roof and lowering forms to ground, 4 board feet 
at 2 . 6 cents $0 . 104 

Eighth Floor. Stripping the fifth floor, resetting, and finally stripping 

and lowering forms to ground, 4 board feet at 2.3 cents .092 

Seventh Floor. Stripping the fourth floor, resetting, and finally strip- 
ping and lowering forms to ground, 4 board feet at 2 . 3 cents . 092 

Sixth Floor. Cost, same as for the fourth floor .060 

Fifth Floor. Cost, same as for the fourth floor .060 

Fourth Floor. Stripping the first floor, and resetting, 4 board feet at 

1.5 cents .060 

Third Floor. Cost, the same as for the first floor . 184 

Second Floor. Cost, same as for the first floor . 184 

First Floor. Making and setting forms, 4 board feet at 

2 cents $0 . 080 

Material, 4 board feet at 2.6 cents .104 .184 

~ 9 )1.020 

Average cost per square foot of surface $0 . 113 


To this average cost of 11.3 cents, 10 per cent should be added for 
waste, breakage, nails, etc.; and if two sets of forms are used, the 
third floor would cost 6 cents per square foot, and the seventh floor 
6 cents, giving an average of 9.6 cents per square foot. 

In estimating the cost of the forms for the columns, it is assumed 
that making and placing the forms for the basement columns will cost 
about $26.00 per thousand; the cost of stripping and resetting, 
$16.00 per thousand; and 3.1 square feet of lumber is required for 
each square foot of column surface. 

Eighth Story. Stripping sixth story, resetting and altering, finally strijj- 

ping eighth story and lowering to ground, 3 . 1 board feet at 2 . 2 cents 80 . 068 
Seventh Story. Stripping fifth story, resetting, and finally stripping 


and lowering to ground, 3.1 board feet at 1.9 cents .059 

Sixth Story. Cost, same as second story .050 

Fifth Story. ' Cost, same as second story .050 

Fourth Story. Cost, same as second story .050 

Third. Story. Cost, same as second story . 050 

Second Story. Stripping basement columns and resetting, 3.1 board 

feet at 1.6 cents .050 

First Story. Cost, same as for the basement columns , 162 

Basement. Material, 3 . 1 board feet at 2 . 6 cents $0 . 081 

Making and setting, 3 . 1 board feet at 2 . 6 cents . 081 

80.162 .162 

9)0.701 

Average cost per square foot of surface $0 . 077 


To this average cost of 7.7 cents per square foot of column surface. 


of forms are required, the second-story cost would be 1G.2 cents, and 
the sixth 5.9 cents, giving an average cost per square foot of 9.1 cents. 

The student should remember that this lumber has a value 
after it has been removed from the building, and that this value 
should be deducted from the total to find the actual cost of the forms. 

Cost of Forms for Garage. Some interesting cost data are 
given by Mr. Reygondeau de Gratresse, Assoc. INI. Am. Soc. C. E. 
in Engineering -Contracting, on the cost of forms used in erecting a 
reinforced-concrete garage in Philadelphia. The building was. 55 
feet wide, 200 feet long, and four stories high; also, there was a mezza- 
nine floor. Tongued-and-grooved lumber | inch thick was used for 
the slab forms, and 1 |-inch plank for the beams and girders. The 
area of the 1,740 cubic yards of concrete covered by forms was; 


Sq. Ft. 

Footings 4,000 

Columns 20,000 

Floors and Girders 70,000 

Total 94,000 

For this work, 170,000 feet, board measure, of new lumber, and 

50,000 feet, board measure, of old lumber was used, the cost being : 

50,000 ft. B. M. at S13 $ 650 

170.000 ft. B. M. at $26 4,420 

220.000 ft. B. M. at $23 $5,070 


Since 220,000 feet, board measure, were used for the 1,740 cubic 
yards, there were 12G feet, board measure, per cubic yard of concrete. 

New forms were made for each floor, except the sides of the 
girders, which were used over for each floor, where the sizes would 
admit of this being done. The props under the girders were allowed 
to remain in place throughout the building until the entire job was 
completed. The forms for the roof Avere made entirely of the material 
used on the floors beloAv. The area of concrete covered by the ncAV 
lumber was approximately 80,000 square feet. This gives a cost for 
lumber of G.4 cents per square foot. 

A force of fifteen carpenters, Avorking under one foreman, framed, 
erected, and tore doAvn all forms. All the lumber for the carpenters 
Avas handled by the laborers excepting AAdien they were at AA'ork 
mixing and placing concrete. The foreman Avas paid $35 per Aveek, 
while the carpenters Avere paid an average of $4.40 for an S-hour day. 
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over them was a foreman who received tlie same wag('s as llu', 
boss carpenter. The forms for a floor were (T('eted in from S to 10 
clays. For the framing, creeping, and tearing down of tlu' forms, tlu^ 
labor cost was about .|.‘h'hS0, wJiieli gives a cost of $2 jxw enbie yard. 
For the carrying and handling of the Inmlx'r, tin' cost was about 
$1,914, wliieli gives a cost of $1.10 per cubic yard, d’lus gives a total 
cost per cubic yard of forms as follows: 

iVr (’ll. Y<1. 


Lumber, ]2() fl.. H. M. S2,()() 

]'’nuuin}2:, erec.lhig, anti I, caring down 2.00 

Handling lumber 1,10 

']’()( al .?().()(') 


This cost is higJi, owing to the fact tliat. so little of tin' lumlx'r 
was used a second time, tlu're Ix'ing only from 10 to 20 ])cr cent so 



used, hor the 220,000 ivet, board nn'asnrc, of lumber used on the job, 
the average cost i)er thousand for the forms was 


Pt'riM. 

Lumber $22.00 

Framing, erecting, and i.earing tlown ,1.2.07 

Handling lumber S ,70 

'I'olal $17.. 27 

IJie cost j)er scpiare foot of concrete for the ari'a, <'ovt'r('d was 
Lumber $0.()0I 

Labor ()~)7 

'’i'olal .$0,121 

T-he cost per cubic yard for lumber and labor was 

Lumber $2.00 

Labor on form.s , m 

Total .$(■), OO’ 



forming the sides of a beam or girder in place^ and also in clamping 
opposite sides of columns. It is forged from a l|-inch by f-inch 
steel bar, and is held in place by the slotted forging, 1 inch square. 

FORMS FOR SEWERS AND WALLS 

Forms for Conduits and Sewers. Forms for conduits and 
sewers must be strong enough not to give way, or to become deformed, 
while the concrete is being placed and rammed; and must be rigid 
enough not to warp from being alternately wet and dry. They must 
be constructed so that they can readily be put up and taken down, 
and can be used several times on the same job. The forms must 
give a smooth finish to the interior of the sewer. This has usually 
been done by covering the forms with light-weight sheet iron. 

These forms are usually built in lengths of 16 feet, with one 
center at each end, and with three to five — depending on the size of 
the sewer or conduit — intermediate centers in the lengths of 15 feet. 
The segmental ribs are bolted together. The plank for these forms 
are made of 2- by 4-inch material, surfaced on the outer side, with the 
edge beveled to the radius of the conduit. The segmental ribs are 
bolted together, and are held in place by wood ties 2 by 4 inches 
or 2 by 6 inches. 

Forms of Torresdale Filters. In constructing the Torresdale 
filters for supplying Philadelphia with water, several large sewers and 
conduits were built of concrete and reinforced with expanded metal. 
In section, the sewers were round and the conduits were horseshoe- 
shaped, with a comparatively flat bottom. The sewers were 6 feet and 
8 feet 6 inches, respectively, in diameter, and the forms were con- 
structed similarly to the forms showm in Fig. 168, except that at the 
bottom the low^er side ribs were connected to the bottom rib by a 
horizontal joint, and the spacing of the ribs was 2 feet 6 inches, 
center to center. Fig. 169 shows the form for the 7-foot 6-inch coU’ 
duit. The centering for the 9-foot and 10-foot conduits was con- 
structed similarly to the 7-foot 6-inch conduit, except that the ribs 
were divided into 7 parts instead of 5 parts as shown in Fig. 169. The 
spacing of the braces depended on the thickness of the lagging. For 
lagging 1 inch by 2j inches, the braces were spaced 18 inches, center 
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to center; and for 2- by .'i-incli liiRfiinK, tl»' spaciiiK of llic l)racinK 
was 2 feet () inches. 

These forms were oonstrueted in lengths of S fe('t. Tlu^ lagging 



for the smaller sizes of the eondnits was 1 iiuh by 2! inela-s, and 
for the larger sizes 2 by b inelies; all of this was maib' of dressed 
lumber and covered with No. 27 g.'ilvaiiized slush iron, d’lu' bracing 
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required that the centering be left in place for at least 60 hours after 
the concrete had been placed. It was also required that this work 
should be constructed in monolithic sections — that is, the contractor 
could build as long a section as he could finish in a day — and that 
the sections should be securely keyed together. 

Blaw Steel Forms. The Blaw collapsible steel forms, Fig. 170, 
appear to be the only successful steel forms, so far, in general use. 
There have been many attempts to devise 
steel centering for column, girder, and slab 
construction, but no available system has 
yet been invented. The main trouble with 
those used is their liability to leak, tendency 
to rust, and susceptibility to injury by dents 
in removing. 

The Blaw collapsible steel centering is 
in general use for sewer and conduit con- 
struction. This centering consists of one 
or more steel plates about | inch thick and 
bent to the shape required by the interior of 
the sewer to be constructed. The steel 
plates are held in shape by angle irons. 

"V^dien set in position, the sections are held 
rigid by means of turnbuckles, which also 
facilitate the collapsing of the sections. The 
adjacent sections are held together by staples 
and wedges, the former being riveted to the 
plates as seen in Fig. 170. The sections are 
usually made five feet long, and in any de- 
sired shape or size required for sewer or Fig. i7i. Typical Forms 
conduit work. When these forms are used 

to construct concrete sewers or conduits, the surface of the forms 
must be well coated with grease or soap, to prevent the concrete from 
adhering to the steel. 

Forms for Walls. The forms for concrete walls should be built 
strong enough to make sure they will retain their correct position 
while the concrete is being placed and rammed. In high, thin walls, 
a great deal of care is required to keep the forms in place so that the 
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Fig. 171 shows a very coiuinou uuhliod of coiisiriiciiiig llu'sc 
forms. The plank against wlhcli the concreR^ is ])lac('(l is seldom 
less than 1^- inclies thick, and is usually 2 inches thick. Oin'-inch 
plank is sometimes used for very thin walls; hnt cvcai then, the 
supports must be placed clos(‘. The ijlanks arc. generally surfac(‘d 
on the side against which the concrete: is placed. Tlu^ vm-lical 
timbers that hold the plank in jdace will vary in si/-e from 2 inches 
by 4 inches to 4 inches by (i im'hes, or ('ven larger, depending on the 
thickness of the wall, spacing of tlu'se v('rtical tindicrs, ('tc. The 
vertical timbers are always jdaced in i)airs, and an^ usually held in 
place by means of bolts, (‘xccj)t for tliin walls, wln-n lu'avy wire is 
often used. If the bolts are greased bcl’on' the concret(^ is ])lac('d, 
there is ordinarily not mucJi trouble e.xj>cri(‘nc(‘d in nanoviiig thi'in. 
Home contract(.)rs ])lace the bolts in short ])i<'c(>s of pi])c, tin* diameter 
of the pipe being about J inch gnaiter than that of tin* bolt, a.nd the 
length equal to the thickness of the wall. ^Vll('n the bolts ar(' removi'd 
the holes are filled with mortar. 

FORMS FOR CF.NTFR OF ARCIIF.S 

General Specifications, d'lu’: eimti'i’s for stoiu', ])lain eonerc'te, 
and reinforced-eoneix'te arches an^ eonstrnelt'd in a, similar mamu'r. 
Areinforced-coneri'te arch of the sanu' s])a.n and dt'sigm'd for tlu' sa,nu' 
loading will not be so luan’y as a jilain eonert'tt' or stom* arch, and tlu' 
centers need not be constrneted so strong as for tin* other type's of 
arches. One essential diirerenei^ in the ei'iitering for stone arelu'S and 
that for concrete or reinforced -concrete' arches is that: centering for the 
latter types of arela's seinx's as a mold for sha])ing the sollit of the 
arch ring, thefaeeof tlie arch ring, and tin* spandrel walls. 

Ihe sueeesshil constnietion of areln'S depends lu'arly as much 
on the centers and their su])ports as it does on tin' design of tlu' arch. 
1 he centers should be as well eonstrueti'd and tin* suj)j)orts as unyield- 
ing as it is possibhi to make them, Y’hen it. is neeessarv to nsi' oilcs, 
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length of the span for the centering is very short, or there are a series 
of short spans, or the span may be equal to that of the arch. The 
trusses must be carefully designed, in order that the deflection and 
deformation due to the changes in the loading will be reduced to a 
minimum. By placing a temporary load on the centers at the crown, 
the deformation during construction may be very greatly reduced. 
This load is removed as the weight of the arches comes on the centers. 
For the design of trusses, the reader is referred to the Instruction 
Papers, or other treatises, on Bridge Engineering and Hoof Trusses. 

The lagging for concrete arches usually consists of 2- by 3-inch 
or 2- by 4-inch plank, either set on edge or laid flat, depending on the 
thickness of the arch and the spacing of 
the supports. The surface on which the 
concrete is laid is usually surfaced on the 
side on which the concrete is to be placed. 

The lagging is very often supported on 
ribs constructed of 2- by 12-inch plank, 
on the back of which is placed a 2-inch 
plank cut to a curve parallel with the in- 
trados. These 2- by 12-inch planks are 
set on the timber used to cap the piles, 
and are usually spaced about 2 feet apart. 

All the supports should be well braced. 

The centers should be constructed to give ^^and Removi?E^i^ormr*^““® 
a camber to. the arch about equal to the 

deflection of the arch when under full load. It is, therefore, necessary to 
make an allowance for the settlement of centering, for the deflection of 
the arch after the removal of the centering, and for permanent camber. 

The centers should be constructed so that they can easily be 
taken down. To facilitate the striking of centers, the practice is to 
support them on folding wedges or sand boxes. When the latter 
method is used, the sand should be fine, clean, and perfectly dry, and 
the boxes should be sealed around the plunger with cement mortar. 
Striking forms by means of wedges is the commoner method. The 
type of wedges generally used is shown in Fig. 172-a, although some- 
times three wedges are used, as shown by Fig. 172-6. They are from 
1 to 2 feet long, 6 to 8 inches wide, and have a slope of from 1:6 
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TABLE XXVI F 

Safe Load in Pounds Uniformly Distributed for Rectangular Beams, 
One Inch Thick, Long»Leaf Yellow Pine 

Allowable nbor HtroHH, 1,200 poiiiiilM jan' Hiittaro inch; faclor of Miifi'ty, 0; nio'liilin of niplurit, 
7,200 jxiiiikIh jicr !«iii(irii iiicli 

Safe IoikIh for othur fac.lorrt of Hiifoly may bo obliuiioil aa Inllow i; 


N(!W Hufo lo/iil “-■.Safo loail from (abloX., • , 

i\i'W lai'lor 


Span 

Fkm 

■1 

5 

(! 

Dkit 

I Of Ui-: 

.s 

\.M IN Inciikh 

II) j n> 

II 

Ul 

Dr.i'i.t;).-. 
'I'lON ( N)- 
m-i'n'iDN'r 

4 

533 

833 

1,200 

1 ,033 

2,133 

3,333 

■l,8(K) 

11, .533 


.38 

5 

427 

G(i7 

9G() 

1 ,307 

1,707 

2, (1(17 

.3, .8. 10 

5,227 


.(10 

G 

35G 

550 

800 

1,089 

1 ,122 

O •)»)•) 

:5,2()() 

•l,:ir)G 


.8(1 

7 

305 

47G 

GSG 

933 

1,219 

1,905 

2,713 

3,733 


1.18 

8 

2G7 

417 

GOO 

S17 

1 ,0(17 

1 ,(1()7 

2, too 

3,2(17 


1.51. 

!) 

237 

370 

533 

72(1 

918 

1,181 

2,133 

2,901 

3,793 

1.94 

10 

213 

333 

'ISO 

(1.53 

8.53 

1 .333 

1,920 

2,(113 

3,113 

2.l() 

12 

178 

278 

•too 

5.M 

711 

1,111 

1,(100 

2,178 

2..S 1 1 

3.1(1 

14 

152 

238 

313 

■1(17 

(110 

952 

1,371 

1 ,81)7 

2. 138 

•1,70 

IG 

133 

208 

300 

•108 

5;i3 

833 

1.21)0 

1,(133 

2,133 

(l.lt 

18 

Hi) 

185 

207 

3(13 

.171 

711 

1,0(17 

1,152 

l..S9(l 

7.7S 

20 

107 

1G7 

210 

327 

■127 

(1(17 

9110 

1,307 

1.707 

9.(10 

22 

‘)7 

152 

218 

297 

388 

(10(1 

873 

1,188 

1.5.52 

1 1 .1)2 

24 

89 

139 

200 

272 

35(1 

55(1 

.800 

1,089 

1, 122 

13.82 

2G 


128 

185 

25 1 

328 

513 

738 

1,01)5 

1,313 

1(1.22 

28 


119 

171 

233 

30.5 

•17(J 

(18(1 

93.3 

1.21 9 

I8„82 

30 


111 

IGO 

218 

2.81 

•111 

GIO 

871 

1.138 

21.(10 


To find l,lu) safe load for boaniH of iirndo<dt fruio Talili* X.W'll, (be abovo vabion miin(, 
bo dividtid by 2; for bouiUN of Hliort-lcaf yellow jiiuo and wldle oal^, I be ^'E^)ue■^ loii il bi' iliviibMl 
by 1.2; for whilo piiio, HpruiM!, eastern lir, ami ebeatmil, ibi' valme. imi' I be diviiled by 1.71. 


to 1:10. TJio coutoriii”’ i,s lowoml by drivinji; back tlu' wt'df^cs; and 
to do this slowly, it is lu'ccssary that the wt'd{i;cs liavi* a very slij>;ht 
taper. All wedges sliould be driven etjually when tlu‘ (•(‘iitining is 
being lowered. Tlie wedgi's .slioiild lie •ma.de of liardwood, and arc 
placed on top of tlie vertical su])])()rts or on timbers which rest on the 
supports. The wedgt's are placed at about the saiiu' elevation as the 
springing line of the arch. 

tables XXVII and XX\1II can be used to assist in the design 
of the different members of the centers for arelu's. 

Safe Stresses in Lumber for Wood Forms. In dhibh' XXVIT 
are given the sale loads wliieh may lie placi'd on beams of long-leal 
yellow pine, of various depths, on various siians. 

'■pi, 1 ' • rn 1 1 . I 


TABLE XXVIII* 


Strength of Solid Wood Columns of Different Kinds of Timber 


White Oak, Southern 
Long-Leaf Pine 

Douglas Fir 
Short-Leap Pine 

Red Pine (Norway 
Pine), Spruce (East- 
ern Fir), Hemlock 
Cypress, Chestnut 
California Redwood. 
California Spruce 

White Pine 
Cedar 



4,500 

4,000 

3,500 






4 

4,897 

4,407 

3,918 

3,428 

6 

4,782 

4,304 

3,826 

3,347 

8 


4,174 

3,710 

3,247 


4,474 

4,026 

3,579 

3,132 


4,297 

3,867 

3,438 

3,008 


4,114 

3,703 

3,291 

2,880 


3,930 

3,537 

3,144 

2,751 


3,748 

3,373 

2,998 

2,624 

20 

3,571 

3,214 

2,857 

2,500 

22 


3,061 

2,721 

2,38T 

26 


2,777 

2,469 

2,160 

30 


2,524 

2,244 

1,963 

36 

2,445 

2,200 

1,956 

1,711 

40 

2,241 

2,017 

1,793 

1,569 

50 

1,835 

1,652 

1,468 

1,285 


To find the load that a wood column will support per square inch of sectional area, 
from Table XXVIII, the length of the column in inches is divided by the least diameter of the 
column, and the result is the ratio of length to diameter of the column. From this ratio is found 
the ultimate strength per square inch of section of a column of any kind of wood given in Table 
XXVUI. A factor of safety of 5 should be used in finding the size of column required; that is, 
the working load should not be greater than one-fifth of the values given. 

uniformly distributed, exclusive of the weight of the beam itself, for 
rectangular beams one inch thick. The safe load for a beam of any 
thickness may be found by multiplying the values given in the tables 
by the thickness of the beam ir inches. From the last column, the 
deflection may be obtained, corresponding to the given span and 
safe load, by dividing the coefficient by the depth of the beam in 
inches, which will give approximately the deflection in inches. 

Example. If a beam is required to support a uniformly distributed load 
of 4,000 pounds on a span of 10 feet, what would be the dimensions of the beam 
of long-leaf yellow pine, and what would be the deflection? 

Solution. Following the line for beams of 10-foot span, it is found that a 
beam 8 inches deep and 5 inches wide (853X5=4,265) would support the load 
of 4,000 pounds, and the deflection would be 2.40-7-8 =.30 inch. A second 















solution would bo to use a boam J2 inolioH doop and 2 inchoH wido (l,!)2()X2 - 
3,840); but according to Table XXVIl tlii.s beam would not lx* (pnie Hirong 
enough, as it wovdd only support a load of ;5,H4() pounds. 

Safe Loads on Wood Columns. The valiie.s gnv(ui iii Table 
XXIX are based on the fonmila: 


P = i'’X 


700+150 


TOO+ior-f 


where P is the ultimate streiigtli of timber in pounds per scpiarc^ inch ; 
Pis the ultimate eru, siting strength of timber; / is the hmgth of column, 

in inches; d is the least diameter in ineh(‘s; and eetpials 

Example. If a column 10 f('(4. long i.s retininul to HU])port a load of 20, 000 
pounds, what wotdd b(! Ilu! size; of Ihe coliinm nxiuircd if ('alifornia redwood 
wore used? 

Solulioii, Dividing Ok; length of Ok? beam in inelies by Ihe !issum(Ml h'ust 
diameter, (5 inohes, wo have 120-:-m-20, wliieli give.s Ihe rnlio of llii! limglh 
to thediametor. ByTable XXVIll it i.s shown lhal. 2,807 jxmnd.s is Mk^ ullimale 
strength for a column of California n'dwood, when I : il 20. Assuming a 
factor of safety of 5, and dividing 2,8.77 by .7, the working loiul is found to be 
571 pounds per .scpiare inch. Dividing 20,000 l)y .771 , it is fouml lli.'it a (adunm 
whoso area i.s 35 H<iuare inclie.s is retpiired lo siipporl. IIk! lo.ad. 'I'lu! sciuaui 
root of 35 is 5.0. Therefore, a e.olumn of (kdifornia redwooil 0 inelii>,s s(iuare 
will support the load. 


Form for Arch at 175th Street, New York City. In constructing 
the 175th Street Arch in New York City, the forms were so built 
that they could be easily moved. The arch is ('llij)(ical and is built 
of hard-burned brick and facc'd with gra.nil<'. Tlu' .si)a.n of tlie arch 
is GO feet; the rise is 20 feet; the thickness of tlu^ arch ring is -lO inches 
and 4S inches, at the erowii and the sj)ringing liiu', r('sp<'ctively; and 
the arch is built on a 9-degree skew. The total length of this arcli is 
SOO feet. 

The arch is con.striicted in .sections, tin; <’<;ntcring being sup- 
ported oil 11 trusses placed perpendicular to tin; axis of tin; arch and 
having the form and dimensions shown in Fig. 170. The trusses 
are placed 5 feet on centers, and arc. siqiporti'd at the ends and middle 
by three lines of 12- by 12-ineh yellow i)ine caps. The caps are 
supported by 12- by 12-inch po.sts, spaced fivi; fci't center to center, 
and rest on timber sills on concrete foundations. The upper and 

1 1 1 _ P , 1 , I. 1 . n • r -x 


IS Zf- Dy D-incn, long-iear yellow pine pianK. me connecLious uic 
timbers are made by means of |-inch steel plates and |-nicli bolts, 
arranged as shown in the illustration. As it was absolutely necessary 



to have the forms alike, to enable them to be moved along the arch 
and at all times fit the brickwork, they were built on the ground from 
the same pattern, and hoisted to their places by two guyed derricks 
with 70-foot booms. 



On the 12- by 12-inch cap was a 3- by S-inch timber, on which the 
double wedges were placed. When it was necessary to move the 
forms, the wedges were removed, the forms rested on the rollers, and 
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there was then a clearance of about 2J inches between the brick- 
work and the lagging. The timber on which the rollers ran was faced 
with a steel plate j inch by 4 inches in dimensions. The forms were 
moved forward by means of the derricks. The settlement of the forms 
under the first section constructed was J inch; and the settlement of 
the arch ring of that section, after the removal of forms, was | inch.* 
Forms for Bridge at Canal Dover, Ohio.* The details of the 
centering used in erecting one of the 106-foot 8-inch spans of a 
reinforced-concrete bridge over the Tuscarawas River at Canal 
Dover, Ohio, are shown in Figs. 174 and 175. Besides this span, 
the bridge consisted of two other spans of 106 feet 8 inches each, and a 



Fig, 175. Centers for Bridge at Canal Dover, Ohio 


canal span of 70 feet. The centering for the canal span was built 
in 6 bents, each bent having 7 piles. A clear waterway of 18 feet was 
required in the canal span by the State Canal Commissioner, and 
this passage was arranged under the center of the arch. The piles 
were driven by means of a scow. The cap for the piles was a 3- by 
12-inch timber. Planks 2 inches thick were sawed to the correct 
curvature, and nailed to the 2- by 12-inch joists, which were spaced 
about 12 inches apart. The lagging was one inch thick, and was 
nailed to the curved plank. The wedges were made and used as shown. 
The centering was constantly checked; this was found important 
after a strong wind. The centering for the other two of the main 


After some diflB.culty had been experienced in keeping the forms 
in place during the concreting of the first arch, the concrete for the 
other arches was placed in the order shown in Fig. 176, and no diffi- 
culty was encountered. Sections 1 and 1 were first placed, then 2 and 
2, etc., finishing with section 6. 

The concreting on the canal span was begun in the late fall, and 



finished in 12 days; the forms were lowered by means of the wedges 
five weeks later. The deflection at the crown was 0.5 inch, and after 
the spandrel walls were built and the fill made, there was an additional 
deflection of 0.4 inch. In building the forms, an allowance of part 
of the span was made, to allow for this deflection. The deflections 
at the crown of the other three arches were 0.6 inch, 1.45 inches, and 
1.34 inches, respectively. 


■ BENDING OR TRUSSING BARS 
Bending Details, Drawings showing all the bending details of 
the bars, for all reinforced-concrete work, should be made before the 
steel is ordered. The designing engineer should detail a few of the 



Fig. 177. Details of Beam Construction 


typical beams and girders to show, in a general way, what length of 
bars will be required, the number of turned-up bars, the number, 
size, and spacing of stirrups required, and the dimensions of the 
concrete. These details will then be a guide for the construction 
engineer to make up the details required to properly construct the 
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should detail a typical beam so that the constructing (uigiiuH-r can 
develop these details as shown in Fig. ITS. 

Tables for Bending Bars. A siini)lc outfit for ])cii(ling the bars 
cold consists of a strong ta])lo, the top of which is construct tsl as sliown 
in Fig. 179. The outline to which the bar is to be bent is laid out on 



Fij;. ITS. Ik'nilinK Di'tuilM fi)r Ui’iimH 


the table, and holes are bored at the i)oint wlu'rc the bends arc to b(^ 
made. Steel plugs 5 inches to G inches long are tlu'u ])hicc(l in these 
holes. Short pieces of boards are Jiaihvl to tlui tabh^ wh<T(' ncc('s,sary, 
to hold the bar in jdace while being bent. The bar is tlnni ])lace(l in 
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Fig. 17!). IMiin cif lk«uiliii|i Tnlili! 


the position A~B, Fig. 17G, and bent around the ])lugs C and and 
then around the plugs E and F, until the (muIs Ell and Ft/ are 
parallel to JB. When bends with a short radius are recpiin'd, the 
bars are placed in the vise, near the point where tin; btunl is wanted, 


c 


m c 



Fig. ISO. 'r.vix' Ilf l.i'vrr UimuIi'i’ 


and the end of the bar is pulled around until the rcfiuired angle is 
secured. The vise is usually fastened to the table. The h'ver shown 
in hiv. ISO i.s /dso 
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Fig. 181. Bars with Hooked Ends 


ends of all the bars in the beams and girders shall be hooked as shown 
in Fig. 181. This is done to prevent the bars from slipping before 
their tensile strength is fully 
developed. 

Slab Bars. To secure the 
advantage of a continuous slab, 
it is very often required that a 
percentage of the slab bars, usu- 
ally one-half, shall be turned up over each beam. Construction com- 
panies have different methods of bending and holding these bars in 
place; but the method shown in Fig. 182 will insure good results, as 



mm 



H 

||||H 


Fig. 1S2. Slab Bara 
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Fig. 183. Diagram Showing Bent Bars for Slabs 


the slab bars are well supported by the two longitudinal bars which 
are wired to the tops of the stirrups. Fig. 183 shows the bending 
details of slab bars, the beams being spaced six feet, center to center. 
When slabs are designed as 


/I 




/I 




simple beams (?) none of 
the slab bars are bent. 

Stirrups. Fig. 184 shows ^-6 . . 

the bending of the bars for L i 1 I | 1 {^J 

stirrups. The ends of the 
stirrups rest on the forms and 
support the beam bars, which assist in keeping these bars in place. 
The ends of the stirrups never show on the bottom of the slab of the 
finished floor, although the cut ends of the stirrups rest directly on 
the slab forms. Sufficient mortar seems to get under the ends of the 


Fig. 184. 


Diagram Showing Bending Bar.-s 
for Stirrup 
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stirrups to cover them. The type of stirrup sliown in Fig. hS l-u is 
much more extensively used tluin tluit in Fig. IS l-A 1 Ik. r t) pc 
is most frequently used when a large amount of sled is re<pur<'d for 

stirrups, or if the stirrups !ir(^ made of 
very small bars. 

Column Bands. In Fig. ISo two 
types of column bauds an' sliown. Fig. 
bSo-a shows bauds for a scpian' or a round 
column; and F'ig. ISo-/;, bamls fora n'c- 
tangular column. 'Phe bar which fonnslhe 
band is bent clo.se around eacli verlical 
bar in the (‘olunnis, and llu'reforc' assists 
in holding these bars in place. Tlie bands for tlu' ri'ctangular column 
1 ) are made up of two separate liands of tlu' .sanu' size and ,sha])(‘. 

Spacers. Spacers for holding the bars in jilace in beams and 
girders have been successfully used. Tlu'se sjiai’crs, F'ig. ISd, are 

made of lu'avy slu'i't iron. They 


(aj 






Fir. 186. Column HiukIh 



Fig. l.SO. Typical Siniccr for Hclnrorclng Hur.s 


H are fastened to the slirrujis by 
means of tlu' loojis in the spacc'rs. 
The (‘lids of tlu‘ s])ac('rs which 
\)roj(‘et out to tlu' forms of the 
siih'sof tlu' iK'aius should bi' made 


blunt or rouiuh'd. This will iire- 
veiit the ends of the spacers being driven into the forms wlu'ii the 
concrete is being tamped. The numln'r of these spacc'rs re(iuir('d 
will depend on the lengths of the beams; usually 2 to I spacc'rs are 
used in each beam. 

Several devices have been manufactured for holding slab bars 
in place while the concrete is being pourc'd. Fig. 1S7 shows a sjiacc'r, 

liatcntc’d and nianufac't urc'd by 
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Fig. 187. SpaccM- for Slab Haas 


the (’oncrc'te Stc'c'l ('omiiauy, 
that has bcc'ii in use' for .several 
yt'ars and has bc'c'ii found 
satisfactorv. 


Unit Frames, (^onpianics making a. siiecialtv of sujiiilyiug 
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work, and s]npi)e(l to the job as a unit, h'ifj;. ISS sliows a nnit made 
by the (’orrugated Bar Company, in which the shear bars are laeed 
around the tension bars. Tiiese units can be closed up for shipment. 

Fig. 1S9 shows a collapsible frame made by the Conerete 
Steel Company. The frame is made u]) of four small bars, usually 
I inch around, and tlie stirrni)s that ar(^ rtMpiired for tlui Ix'am are 
fastened to these bars by elii)s that will ix'rmit the frame to be 
folded up for shipment. When the franu* is r('c(*iv('d on tlu^ job it is 
unfolded, placed in the beam for which it is (h'signed, and tlum the 
tension bars are put in the frame and held in i)lace by two or more 
spacers. 


BONDING OLD AND NLW CONCRim- 

The place and manner of making breaks or joints in floor eon- 
struction at the end of a day’s work is a subject that has la'cn much 
discussed by engineers and constnution com])ani('s. But there lias 
not yet been any general agre('ment ns to tlu' la'st nudhod and place 
of constructing these joints. Wlierever joints an' made, gnsit care 
should be exercised to s('cure a bond ladween tlu' nt‘W and the old 
concrete. 

Methods of Making Bonds. Fird Mdlmd. t'ig. I'.H) shows a 
sectionalviewof one method of making a break at tluMMid of tlu'day’s 

work; this nu'thod has Ix'cn us('d very 
extensively and siicct'ssfnlly. ddu' stir- 
ru])S and slab bars form llu^ main bond 
between the old and tlu' lU'w work, if the 
break isleft more than a lew hours. Short 
bars in the top t)f the slab will also assist 
in making a good bond; an additional 
number of stirrui)s should also be used 
where the break is to b(' made in the beam. 
Before the newconende is jdaced, theold 
concrete should be well scrai)ed, thoroughly soakc'd with chain water, 
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Fig. ion. MiOliod (if Uomliiig Old 
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Fig. 191. Method of Bonding Old 
and New Concrete in Beam 


Second Method. Another method of forming stopping places is 
by dividing the beam vertically — that is, making two L-beams 
instead of one T-beam, Fig. 191 . Theo- 
retically, this is a very good method, but 
practically, it is found difficult to con- 
struct the forms dividing the beam, as the 
steel is greatly in the way. 

Third Method. The method of stop- 
ping the work at the center of the span 
of the beams and parallel to the girders 
is the method in general use. Fig. 192 illustrates this method. Theo- 
retically, the slab is not weakened; and as the maximum bending 
moment occurs at this point, the shear is zero, and, therefore, the 
beams are not supposed to be weakened, except for the loss of con- 
crete in tension, and this 
is not considered in the 
calculation. The bottoms 
of the beams are tied 
together by the steel that 
is placed in the beams to 
take the tensile stresses; 
and there should be some 
short bars placed in the 
top of these beams, as 
well as in the top of the 
slab, to tie them together. 

The objection made in the description of the first method — in that 
any shrinkage in the concrete at the joint will permit water to pass 
through — is greater in the second and third methods than in the first. 
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Fig. 192. Method of Bonding Break in Center of Span 


FINISHING SURFACES OF CONCRETE 

Imperfections. To give a satisfactory finish to exposed surfaces 
of concrete is a rather difficult problem. In many instances, when 
the forms are taken down, the surface of the concrete shows the joints, 
knots, and grain of the wood; it has more the appearance of a piece of 
rough carpentry 'work than that of finished masonry. Also, failure 
+r\ +nTYTrk /^T» flo+«c-ncirlA flip snrfn.pR?; rioxt to the forms will result in 
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will cause a variation in the surface texture of tlie concrt'tc. Varia- 
tion of color, or discoloration, is ojie of the most common imperfec- 
tions. Old concrete adlierin^? to the forms will hvive ])its in the 
surface; or the pullin^ii-oir of the. coner(!te in si)ots, as a n'sult 
of its adhering to the forms when they ar(^ r('mov<‘d, will cause a 
roughness. 

To guard against these imi)erfections, the forms must 1)(‘ W('ll 
constructed of dressc<l lumber, and tin; ])orcs should lx; W(‘ll filled 
with soap or i)araffine. The conende should Ix^ thoroughly mix(‘d, 
and, when placed, care should be taken to compact tlu' concrete; 
thoroughly, next to the forms. Tlie varialion in color is usually 
due to the leaching-out of lime, wliich is (l(‘i)osit('d in the form of an 
efflorescence on the surface; or to the use of didVix'iit cements in 
adjacent parts of the same work. The lalt('r cause can almost always 
be avoided by using the same brand of cenxmt on tlx; enlin; work, 
and the former will be treated under the luaiding of “hKllorescx'uce”. 

Plastering. Plastering is not usually satisfactory, although 
there are cases where a mixture of equal ))arts of c('nu'nt ami sand 
has, apparently, been successful; and, when finished rough, it did not 
show any cracks. It is generally consid('rc(l im]x)ssibl<; to apply 
mortar in thin layers to a concrete surface, ami make* it adlunx' for any 
length of time. When the idastering begins to scale oil’, it looks 
worse than the unfinished surface. This j)aragraph is inb'mh'd more 
as a warning against this manner of linisliing conclude s;irfa<’es than 
as a description of it as an approved method of finish. 

Mortar Facing. The following metlxxl has Ix'cu a<lo])t{'d by the 
New York Central Railroad for giving a good finish to ('X]X)se(l con- 
crete surfaces : 

The forms of 2-inch tongued-and-grooved pim; wen; coated with 
soft soap, all openings in the joints of the forms being filhxl with hard 
soap. The concrete was then deix)sit.ed, and, as it ])r()gr('ssi'd, was 
drawn back from the face with a .s(piare-]:)oinlc<l sho\’el, ami .1:2 
mortar poured in along the forms. When the forms wewe removed, 
and while the concrete was green, the surface was rubbed, with a 
circular motion, with pieces of white lire brick, or brick composed of 
one part cement and one part sand. The surface was tlum dampened 
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A method of placing mortar facing that has been found very 
satisfactory, and has been adopted very extensively in the last 
few years, is as follows: A sheet-iron plate, 6 or 8 inches wide and 
about 5 or 6 feet long, has riveted across it on one side, angles of 
f-inch size, or such other size as may be necessary to give the desired 



Fig. 193. Sheet-Iron Plate for Giving Finish Surface to Concrete 


thickness of mortar facing, these angles being spaced about two feet 
apart. Fig. 193. In operation, the ribs of the angles are placed 
against the forms; and the space between the plate and forms is filled 
with mortar, which is mixed in small batches, and thoroughly tamped. 
The concrete back filling is then placed; the mold is vdthdrawn; and 
the facing and back filling are rammed together. The mortar facing 
is mixed in the proportion of one part cement, to 1, 2, or 3 parts sand; 
usually a 1 : 2 mixture is employed, mixed wet and in small batches 
as it is needed for use. As mortar facing shows the roughness of the 
forms more readily than concrete does, care is required, in construct- 
ing, to secure a smooth finish. When the forms are removed, the face 
may be treated either in the manner already described, or according 
to the following method taken from the Proceedings of the American 
Railway Engineering Association : 

After the forms are removed, any 
small cavities or openings in. the con- 
crete shall be filled with mortar, if nec- 
essary. Any ridges due to craclcs or 
joints in the lumber shall be rubbed 
down; the enthe face shall be washed 
with a thin grout of the consistency of 
whitewash, mixed in the proportion of 



1 part cement to 2 parts of sand. The 
wash shall be applied mth a brush. 


Fig. 194. Diagram Showing Method of giving 
Masonry Facing to Concrete 


fastened to the forms to make V-sluiped depressions in Hit' eonen'ti;, 
as shown in Fig. 1!)4. 

Stone or Brick Facing. A facing of stone or lirick is fnapuaitly 
used for reinforced concrete, and is a vi'ry satisfactory solution of 
the problem of finish. The same care is reipiin'd with a stone or 
brick facing as if the entire structure were stone or brick. The 1 ngalls 
Building at ('incinnati, Ohio, 1() stories, is vema'i'i'd on the outsich' 
with marble to a height of three stories, and with brick and ti'rra 
cotta above the third story. Kxclusivi' of the facing, ilu' wall is 
8 inches thick. 

In constructing the Harvard I'nivi'rsity Stadium, care was 
taken, after the concrete was ])lac('d in ilu; forms, to force llu^ stones 
back from the face and permit the mortar to cov('r every slum'. \Vhen 

tlu‘ forms wcr(‘ ri'inoN'cd, the sur- 
face was ])ick('d with the tool 
shown in h'ig. lUd. A jincumatic; 
tool has also been adojitcd for this 
jmrpost'. 

d'h(‘ number of s([uarc feet, to 
be ])ick('(l ])cr day di'pcmds on the 
hardness of tlu' coucrt'tc. If the 
pickingis ix'rformcd by hand, it is 
done by a common laborer; and he is e.xiit'cti'd to cover, on an average, 
about 50 square feet per day of 10 hours. ^Vith a ])m'umatic tool, 
a man w'ould cover from 4t)0 to 500 squari* f('('t. ja'r day. 

Recently a motor-driven hand tool, Fig. 100, has laam invented. 
This works dry, and it leaves the surface slightly porous, so that it 
provides an excellent base for the ap])lication of a, float or a coat of 
paint. The machine is driven through a fh'xible shaft by a motor 
carried by the operator. The whole ajiparatus, motor included, 
weighs only 20 pounds. The motor may take its actuating current 
from an ordinary electric light socket. 

Ihe method of chipping the concrete surface is viwy ingenious. 
Mounted in a disk are twenty-four cutter whcids arraugi'd in jiairs, 
each wheel having from twenty-four to t wenty-eight cutting teeth. 
As the disk revolves at high speed, the cut tcT wheels ;ire made to 
roll over the concrete surlace, each tooth acting as a tiny hammer 
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but instead of being radial, the teeth are eccentrically directed so 
that their edges are brought into contact absolutely square with the 
surface, and deal a direct blow to the material that is to be cut. 
The disk revolves at the rate of about 2,000 revolutions a minute, 
so that the number of blows per minute delivered by the cutter 
wheels runs up into the mil- 
lions. The cutting tool is 
of such a form that it may 
be conveniently grasped and 
guided by the operator, and 
on it is a small switch by 
means of which the power 
may be readily turned on 
and off. The average work 
per day of this tool is from 
700 to 900 square feet. It 
may be used, as well, for 
surfacing stone and imita- 
tion stone, and for bringing 
out the aggregate in con- 
crete, when that is desired. 

Granolithic Finish. 

Several concrete bridges in 
Philadelphia have been fin- 
ished according to the fol- 
lowing specifications and 
their appearance is very 
satisfactory: 

Granolithic surfacing, where 
required, shall be composed of 1 
part cement, 2 parts coarse sand 
or gravel, and 2 parts grano- 
lithic grit, made into a stiff 
mortar. Granohthic grit shall be granite or trap rock, crushed to pass a I-inch 
sieve, and screened of dust. For vertical surfaces, the mixture shall be deposited 
against the face forms to a minimum thickness of 1 inch, by skilled workmen, 
as the placing of the concrete proceeds; and it thus forms a part of the body of 
the work. Care must be taken to prevent the occurrence of air space or voids 
in the surface. The face shall be removed as soon as the concrete has sufldciently 



Fig. 19G. Power-Driven Hand Tool for Surfacing 
Concrete 

Courtesy of "Scientific American” 




hardened; and any voids that may appear shall be filled with the mixture. 
The surface shall then be immediately washed with water until the grit is exposed 
and rinsed clean, and shall be protected from the sun and kept moist for three 
days. For bridge-seat courses and other horizontal siudaces, the granolithic 
mixture shall be deposited on the concrete to a thickness of at least inches, 
immediately after the concrete has been tamped and before it has set, and shall 
be troweled to an even surface, and, after it has set sufficiently hard, shall be 
washed until the grit is exposed. 

The success of this method depends greatly on the removal of 
the forms at the proper time. In general, the washing is done the day 
following that on which the- concrete is deposited. The fresh con- 
crete is scrubbed with an ordinary scrubbing brush, removing the 
film, and the impressions of the forms, and exposing the sand and 
stone of the concrete. If this is done when the material is at the 



Fig. 197. Quimby's Finish on Concrete Surfaces. Left — Aggregate Inch 

White Pebbles; Right — Aggregate f Inch Screened Stone 


proper degree of hardness, merely a few rubs of an ordinary house 
scrubbing brush, with a free flow of water to cut and to rinse clean, 
constitutes all the work and apparatus required. The cost of scrub- 
bing is small if done at the right time. A laborer will wash 100 square 
feet in an hour; but if that same area is permitted to get hard, it may 
require two men a day, with wire brushes, to secure the desired 
results. The practicability of removing the forms at the proper time 
for such treatment depends upon the character of the structure and 
the conditions under which the work must be done. This method 
is applicable to vertical walls, but it would not be applicable to the 
soffit of an arch. Fig. 197.' 

The Acid Treatment. This treatment consists in w^ashing the 
surface of the concrete with diluted acid, then with an alkaline 



expose the sand and stone; the alkaline solution is then applied to 
remove all of the free acid; and, finally, the surface is washed with 
clear water. The treatment may be applied at any time after the 
forms are removed; it is simple and effective. Limestone cannot be 
used in the concrete for any surfaces that are to have this treatment, 
as the limestone would be affected by the acid. This process has been 
used very successfully. 

Dry Mortar Finish. The dry mortar method consists of a dry, 
rich mixture, with finely crushed stone. The concrete is usually 
composed of 1 part cement, 3 parts sand, and 3 parts crushed 
stone, known as the |-inch size, and mixed dry so that no mortar will 
flush to the surface, when well rammed in the forms. When placed, 
the concrete is not spaded next to the forms and, being dry, there is 
no smooth mortar surface, but there should be an even-grained, 
rough surface. With the dry mixture, the imprint of joints of the 
forms is hardly noticed, and the grain of the wood is not seen at all. 
This style of finish has been extensively used in the South Park 
system of Chicago, and there has been no efflorescence apparent on 
the surface, which is explained by “the dryness of the mix and the 
porosity of the surface”. 

Cast Slab Veneer. Cast-concrete-slab veneer can be made of 
any desired thickness or size. It is set in place like stone veneer, 
with the remainder of the concrete forming the backing. It is usually 
cast in wood molds, face down. A layer of mortar, 1 part cement, 
1 part sand, and 2 or 3 parts fine stone or coarse sand is placed in the 
mold to a depth of about’ 1 inch, and then the mold is filled up with 
a 1:2:4 concrete. Any steel reinforcement that is desired may be 
placed in the concrete. Usually, cast-concrete-slab veneer is cheaper 
than concrete facing cast in place, and a better surface finish is 
secured by its use. 

Moldings and Ornamental Shapes. Concrete is now in demand 
in ornamental shapes for buildings and bridges. The shapes may be 
either constructed in place, or molded in sections and placed the 
same as cut stone. Plain cornices or panels are usually constructed 
in place, but complicated molding or balusters. Fig. 198, are frequently 
made in sections and erected in separate pieces. 

The molds may be constructed of wood, metal, or plaster, of 


TABU; XXIX'^ 

Colors Given to Portland Cement Morlars Containing Two Parts 
River Sand to One Part Cement 
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is similar 1o llial of casiiii^^ iron, ^TIk' ])a1 Ion) 
is mado of wood iht' ('xaol. si/(' najuirod. It 
is tlion molded in llasks ('xaolly as is dotioiii 
casting iron. 'Tlio ingro(li('iils for conoia'io 
consist of ccinont and sand or (iin' cnisln'd 
stoiK'; lh(‘ mixittn', will) a oonsistonoy alxnii 
that of cream, is i)oni'ed into the mold with 
th(‘ aid of a fminel and a. T-jiij)e. (h-nerally, 
the cjisting is h'fl. in tin' sand for three' or 
four (lays, and, afte'i' Ix'ing takt'ii ont of tlu' 
sand, slionld hardi')) in tin' air a W('ek or t('n 
diiys l)('fon' In'ing ])lae('d. Ihdnsti'i’s are' very 
often m:id(' in this manner. 

Colors for Concrete Tinish. Coloring 
mjitter lias not he'e'ii use'd ve'ry e'xte'tisive'ly in 
eonei’e'te work, ex('('])t in ornamental work. 
It has not In'e'n ve'ry eh'llnite'ly de'termiin'd 
what (’oloring imitters eire dot rimeiiled to eon- 
ere'te, Liunjihlaek (boin'blaek) has hee'n nse'd 
more e'xte'iisivt'ly than jiny othe'r coloring imd- 


ing on the amount used. Common lampblack and Venetian red 
should not be used, as they are apt to run or fade. Dry mineral 
colors, mixed in proportions of 2 to 10 per cent of the cement, give 
shades approaching the color used. Red lead should never be used; 
even one per cent is injurious to the concrete. Variations in the color 
of cement and in the character of the sand used will affect the results 
obtained in using coloring matter as shown in Table XXIX. 

Painting Concrete Surfaces. Special paints are made for 
painting concrete surfaces. Ordinary paints, as a rule, are not 
satisfactory. Before the paint is applied, the surface of the wall 
should be washed with dilute sulphuric acid, 1 part acid to 100 
parts water. 

Finish for Floors. Floors in manufacturing buildings are often 
finished with a 1-inch coat of cement and sand, mixed in the propor- 
tions of 1 part cement to 1 part sand; or 1 part cement to 2 parts 



sand. This finishing coat must be i^ut on before the concrete base 
sets, or it will break up and shell off, unless it is made very thick, 
1| to 2 inches. A more satisfactory method of finishing such floors 
is to put 2 inches of cinder concrete on the concrete base, and then 
put the finishing coat on the cinder concrete. The finish coat and 
cinder concrete bond together, making a thickness of 3 inches. 
The cinder concrete may consist of a mixture of 1 part cement, 2 parts 
sand, and 6 parts cinders, and may be put down at any time; that is, 
this method of finishing a floor can be used as satisfactorily on an old 
concrete floor as on one just constructed. 

In office buildings, and generally in factory buildings, a wood 
floor is laid over the concrete. Wood stringers are first laid on 
the concrete, about 1 to 1| feet apart. The stringers are 2 inches 
thick and 3 inches wide on top, wdth sloping edges. The space 
between the stringers is filled with cinder concrete, as showii in 
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Fig. 199; as a rule this is mixed 1:4:8. When the concrete has set, 
the flooring is nailed to the stringers. Usually a layer of waterproof 
paper or saturated felt is spread between the concrete and the flooring 
to prevent the floor from warping. 

Efflorescence. The white deposit found on the surface of 
concrete, brick, and stone masonry is called efflorescence. It is 
caused by the leaching of certain lime compounds, which are deposited 
on the surface by the evaporation of the water. This is believed to 
be due, primarily, to the variation in the amount of water used in 
mixing the mortar. An excess of water will cause a segregation of 
the coarse and fine materials, resulting in a difference of color. In a 
very wet mixture, more lime will be set free from the cement and 
brought to the surface. When great care is used as to the amount of 
water, and care is taken to prevent the separation of the stone from 
the mortar w'hen deposited, the concrete will present a fairly uniform 
color wdien the forms are removed. There is greater danger of the 
efflorescence at joints than at any other point, unless special care is 
taken. If the w'ork is to be continued within 24 hours, and care is 
taken to scrape and remove the laitance, and then, before the next 
layer is deposited, if the scraped surface is coated with a thin cement 
mortar, the joint should be impervious to moisture, and no trouble 
with efflorescence should be experienced. 

A very successful method of removing efflorescence from a con- 
crete surface consists in applying a wash of diluted hydrochloric 
acid. The "wash consists of 1 part acid to 5 parts water, and is 
applied with scrubbing brushes. Water is kept constantly played on 
the work, by means of a hose, to prevent the penetration of the acid. 
The cleaning is very satisfactory, and for plain surfaces costs about 
20 cents per square yard. 

Laitance. Laitance is wLitish, spongy material that is washed 
out of the concrete wLen it is deposited in W'^ater. Before settling 
on the concrete, it gives the water a milky appearance. It is a semi- 



Fig. 200. Typical Structural Floor Plan of Buck Building, Philadelphia, Pennsylvania 
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REPRESENTATIVE EXAMPLES OF REINFORCED- 
CONCRETE WORK 

Buck Building. Fig. 200 shows tlio typical structural [loor-})luib 
al)ovc the first floor, of u building constructed for .1. ('. Buck at 
Fifth and Applctrce Streets, IMuladelphia. ''idie archiO'cts were 
Ballinger and Perrot, and the building was const meted by ( ’rani])and 
Company, Philadelidiia. The building has a frontag(‘ of 00 bad; on 
Fifth Street, and a depth of 01 bad on Aj)pletr(a’: Stnad, and is s('^•('n 
stories high. The building is constructed, structurally, of la'infonaal 

eonende, exca'jding tlie first floor 
and the. (a)hunns in the lower 
floor, ddu' floors are all dc'sigiual 
to carry 200 poiinds per scpiare 
foot. Th(^ side walls are (a)n- 
stru(d(al of light-(a)Ior(al brick, 
and trinnmal with t(‘rra (a)(la,. 
The first floor, being (a)n.stru(d(al 
esp(a‘ia]ly to suit th<^ najuireuH'uts 
of a cln'inical (a)nii)any that 
wa)uld o(aaii)y tluj building for 
several yiairs, was ])lanmal with 
a view to the i)robabl(; luaa'ssity 
J of laaaaistnuding the floor if this 
'4, company should leave the build- 
i ing at the expiration of itslease, 
aiul hema^ was (a)nstru(d(al of 
striKdural stead, siina* it is nuudi 
easier to reiuoded a floor of steed than e)ue' ea)nstrue-teai eif rednb)re‘eel 
concrete. 

Fooiuuj.s'. '’Phe lootings lor eaedi e)f the' inte'rior eailumns we're 
elesigneel as single fe)e)tings, O’he'y are 10 fe'i'l. sepia re', OO inedie's thie'k, 
and are reinbireeel as slmwn in log. 201 . 

Cohniuifi. Theeailuinns in the base'nu'ut , first, anel se'e'eaid fleieirs 
are of structural steel, anel firepreieibal with e-oiu're'te'. The wall 
eeihnnns are either sepiare eir readangular in sliajie; anel the interieir 
eeihnnns are reninel, bedng twenty inedu'S in elianude'r. The stre'ss 





angle brackets to support the beams, and with spread bases to trans' 
mit the stress in the steel to the foundation. 

The cores are composed of angles and plates, 
and are riveted together in the usual man- 
ner. The columns are built in sections of 
a length equal to the height of two stories. 

This requires very little extra metal and saves 
the expense of half the joints required if 
a change of section is made at each floor. 

The general outline and details of these 
steel cores are illustrated in Fig. 202. In the 
exterior columns, the steel cores are used in 
the basement and the first, second, and third 
floors, where necessary; in the interior col- 
umns, they are used also in the fourth story, 
and in two columns the structural steel is 
extended to the sixth floor line. The exte- 
rior columns above the structural steel, and 
also the columns in which structural steel is 
not required, are in general reinforced with 
8 bars 1 inch square in the lower floors; 
and this amount of steel is gradually reduced 
to 4 bars 1 inch square, in the seventh story. 

In the interior columns, the reinforcement 
above the steel cores consists of 8 bars | 
inch square, in the floor just above the struc- 
tural steel; and the number of these bars is 
gradually reduced to 4 in the seventh floor. 

Floor Slabs. The floor slabs are 5 inches 
thick and reinforced with f -inch square bars 
spaced 6 inches on centers, and ^-inch bars. 



spaced 24 inches on centers, the latter being 
placed at right angles to the former. The 
roof slab is designed to carry a live load of 
40 pounds per square foot, and is 3^ inches 
thick. The reinforcement consists of ]^6-inch bars spaced G inches, 
and the same sized bars spaced 24 inches at right angles. 


Fig. 202, Steel Column Core 
for Buck Building, Phila- 
delphia, Pennsylvania 



Floor Beams. The floor beams are, in general, 8 inches wide, 
and the depth below the slab is 18 inches. The amount of reinforce- 
ment in the beams varies, depending on the length of the beams. Most 
of the beams are reinforced with 2 bars 1 inch square; and 1 bar 1 
inches square. The l|-inch bar is turned up or trussed at the ends, 
and the 1-inch bars are straight. The roof beams are 6- by 12-inch 
below the slab, and are reinforced with 2 bars f inch square, except 
in the longest beams, in which 2 bars 1 inch square are required. 
A |-inch bar, 5 feet long, is placed in the top of all floor and roof 




beams, where they are framed into a girder. The ends of these bars 
are turned down. The stirrups are made of f-inch round bars, and 
are spaced as shown in the detail of the beam. Fig. 203. 

Floor Girders. The floor girders are 12- by 24-inch below the 
slab. The span of the girders varies from about 18 feet to about 
20 feet; and they are all reinforced with 6 bars 1 inch square, three of 
the bars being turned up at the ends. Two |-inch square bars are 
placed in the top of the girders over the supports, these bars being 

r: 4! j. c j; j. i 



are piacea in xne siao near xne xop, ax 
right angles to the girders. The bars are 
12 inches^ center to center, and are placed 
over the center of the girders. 

Lintels. The wall beams or lintels 
on the Fifth Street and Appletree Street 
sides of the building are shown in section 
in Fig. 204. They are 9 inches by 24 
inches, and are reinforced with 2 bars 1 
inch square. The wall girders in the side 
of the building opposite Appletree Street 
are 14 inches by 24 inches, and are rein- 
forced with 6 bars 1 inch square. 

Stairs. The stairs are constructed as 
shown in Fig. 205. The structural con- 
crete slab is 6 inches thick, and is rein- 
forced with |-inch bars. Safety treads 5| 
inches in wdth, and 12 inches shorter 
than the width of the stairs, are set in 
each step. 

Concrete Mixture. The concrete for 
the beams, girders, slabs, and footings is fib. 204. Details of waii Beams, 

1 , IP ji 1 Buck Building, Philadelphia 

a 1 : 21:0 mixture; and tor the columns, a 

1:2:4 mixture is required . 
The stone used in this 
concrete is trap rock. The 
concrete was mixed in a 
batch mixer, the consist- 
ency being what is com- 
monly known as a wet 
mixture. Square twisted 
bars are used as the rein- 
forcing steel. 

Flours. Tlie first, 
second, and third floors 
are finished with 1 J-inch 
maple flooring. The 

Fig. 205. Section of Stairs for Buck Building, Philadelphia StrillgCrS, 2 illchcS by 3 
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inches, are spaced 16 inches apart, and the space between the 
stringers is filled with cinder concrete. The other floors are finished 
with a one-inch , coat of cement finish. A cinder fill 2 inches thick is 
laid on the concrete floor slab, on which was laid the cement finish. 
The cinder concrete consists of 1 part Portland cement, 3 parts sand, 
and 7 parts cinders. The cement finish is composed of 1 part Port- 
land cement, 1 part sand, and 1 part |-inch crushed granite. 



Fi;;;. 200. Plan of Two Bays of a Floor in Allman Building, Philadolphiu, Pcnu.sylvania 

Allman Building. The seven-story office building, 24 feet 9| 
inches by 122 feet 2| inches, was constructed for Herbert D. Allman, 
at Seventeenth and Walnut Streets, Philadelphia. Baker and Dallett 
are the architects for this work. The building is constructed of 
reinforced concrete, except that steel-core columns are carried up to 
the sixth floor. Fig. 206 shows the plans of two bays of a floor, the 
bay windows occurring in alternate bays. The floors are designed for 
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steel is 16,000 pounds per square inch. Direct compression in the 
concrete is 500 pounds per square inch and the transverse stress in 
compression 600 pounds per square inch, while the shearing stress is 
75 pounds per square inch. In designing the columns in which the 
steel cores occur, the radius of gyration is taken for the whole column; 



Fig. 207. Footing of Allman Building, Philadelphia, Pennsylvania 


this reduces the working load to 14,000 pounds per square inch for 
the steel, nothing being allowed for the concrete except the increased 
radius of gyration. The concrete is a 1: 2:4 mixture. The footings 
Lhsed for this building are shown in Fig. 207. 

Erben=Harding Company Building. The exterior and interioi 
of a factory building, designed and constructed by Wm. Steele and 
Sons Company for the Erben-Harding Company, Philadelphia, are 
shown in Figs. 208 and 209. This building is 100 feet by 153 feet, 
and is constructed structurally of reinforced concrete, except thai 
structural steel is used in the columns. The floors and columns are 
designed to support safely a live load of 120 pounds per square foot 

Floor Panels, The floor panels are about 12 feet by 25 feet, the 
girders having a span of about 12 feet, and the beams a span of 2f; 
feet. One intermediate beam is placed in each panel, as shown in the 
interior view. The girders are 12 inches wide and 20 inches deej 
below the slab, and are reinforced with 4 bars inches in diameter 
The beams are 12- by 18-inch, and are reinforced with 4 bars \\ inches 
in diameter. The floor slab is 4 inches thick, and is reinforced witl 
3-inch mesh. No. 10 gage, expanded metal. 

Columns. The columns are all 18- by 18-inch ; but the structura 
steel in the columns is designed to support the entire load on th< 
columns. Four f-inch bars are placed in the columns and wrappec 
with expanded metal. The exterior columns are exposed to view oi 
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Fig. 209. Interior of Factory Building for the Erben-Harding Company, Philadelphia, Pennsylvania 
Courtesy of Wm. Steele <& Sons Company, Philadelphia, Pennsylvania 
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•etween the wall columns is filled by triple windows. The wall 
teams are constructed flush with the exterior surface of the wall 
olumns, as shown in Fig. 208. The space bet’ween the bottom of the 
rindows and the wall beams is filled with white brick. The two fire 
owers, located at the corners of the building, are also constructed 
I white brick. 

Fluor Finish. The floor finish of this building is somewhat 
inusual. Sills 2 by 4 inches are laid on the structural floor slab of 
oncrete, and the space between these sills is filled with cinder con- 
rete. On these sills is laid a covering of 2-ineh tongued-and-grooved 
ilank; and on these planks is laid a floor of |-inch maple, the latter 
teing laid perpendicular to the 2-inch plank. 

Swarthmore Shop Building. In constructing the shop building 
t Swarthmore College, Swarthmore, Pennsylvania, concrete blocks 



ere used for the side walls, and the floors were constructed of rein- 
)rced concrete. This building is 49 feet 8 inches by 112 feet, and is 
stories high. The floors are designed to carry a live load of 150 
3iinds per square foot. A factor of safety of 4 was used in all the 
anforced-concrete construction. 

The columns are located as shown in Fig. 210. The span of the 
rders is 20 feet, except for the three middle bays, in which the span 
only 10 feet. The 20-foot girders are 14 inches wide, and the depth 
flow the slab is 23 inches. The reinforcement consists of 8 bars 







depth 12 inches below the slab; and the reinforcement consists of 5 
bars jj inch scjiiare. dhe slab is 4 inches thick, including the top coat 



of 1 inch, which is composed of 
1 part Portland cement and 1 
part sand. This finishing coat 
was put on before the other con- 
crete had set, and was figured as 
part of the structural slab. The 
slab reinforcement consists of |- 
inch bars spaced 4 inches on cen- 
ters, and |-inch bars spaced 24 
inches at right angles to the bars 
spaced 4 inches. The columns 
range in size from 10- by 10-inch 
to 18- by 18-inch, and are rein- 
forced by placing a bar in each 
corner of the column, which bars 
are tied together by |-inch bars 
spaced 12 inches. The amount of 
this steel is about one per cent of 
the total area of the column. 

Fig. 211 shows the plans of 



Fig. 212. Floor Construotion in Shop Biiilding 
of Swarthinore (Pa.) College Showing Con- 
nection of Girder Beams with Column 


the stairway. The lintels were 
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to the proper height. The size of the lintels varies on the different 
floors to conform with the architectural features of the building. The 
width of the lintels is made the same as the thickness of the walls, and 
therefore both sides of the lintels are exposed to view. They are 
reinforced with 3 bars I inch square. 

The concrete was composed of 1 part Portland cement, 3 parts 
sand, and 5 parts stone. The stone was graded in size from | inch to 
1 inch. Johnson corrugated bars were used as the reinforcing steel. 
A panel, 16 by 20 feet, of one of the floors, was tested by placing a 
load of 300 pounds per square foot over this area. The deflection was 
so slight that it could not be conveniently measured. In Fig. 212 is 
given a view of the under side of a floor, showing the connection of 
the girder and beams with the column. 

Tile and Joist System. The tile and joist system of construct- 
ing fireproof floors is found economical for a certain class of work. It 



Fig. 213. Tile and Joist Construction 


is probably used for apartment houses oftener than anywhere else. 
The advantage secured by this construction is that a flat ceiling is 
secured. The structural frame of the building may be either steel 
or reinforced concrete. The columns are connected by girders and 
the space between the girders is filled in with tile and joists. When 
reinforced-concrete girders are used between the columns, a slab of 
concrete of sufficient width and thickness to take the compression 
must be constructed. 

Fig. 213 shows a section of a tile and joist floor. The terra cotta 
tile is always 12 inches in width and from 4 inches to 15 inches in 
depth. The tile is simply a filler between the joists and is so much 
dead weight to be carried by the joists. The joists are usually 4 
inches in width and are designed as T-beams. The slab is usuallv 





Courtesy of The Condron Company, Chicago 
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of one bur of sufnck’iit arou for IIk; i(Misil(‘ strc'ss. ''Plu'. slab should 
be reinforced with {-iiieli burs, 2-1; iiiebes center to center each way. 

Heinz Warehouse. A good cxanijjle of a (a-iling of tlu^ llat.-slab 
system is given in Fig. 214. This shows an interior view of a war(‘- 
lionsc designed by the Foialron (’oin])any of ('hicago, Illinois, for 
the IT. T. Heinz Foinpany, (liicago. 'FIki panels ata^ IS feet (i inches 
square and are desigiu'd for a ]i\’(^ load of .'!()() pounds per s(iiiar(i foot. 

Steel Cores. It is often iH‘C(‘ssary, in reinforccd-concn'te build- 
ings, to construct columns of some otluM’ material than concrete' on 
account of the large H])ace that ^Yould Ix' occu])i('d by tlx; columns. 
In such cases steel-core columns are oftem nsexl. Fig. 21 b shows t wo 
types of the steel cores. Type a is usexl for round colnmns and the 

steed e‘e)nsists e)f feuir angle's, 
but, wlu'u ix'ce'ssary, i)late'S 
are' inse'rtt'd betwe'e'ii the an- 
gle's te> make' up the; full se'c- 
tion. 4’ype' h is nse'd for 
.seiuare' e'olumns. In figuring 
the' strength of tlx'se' e'ol- 

FIh- -lij. Typiciil SccUoiiH of Sfi-cl f 'on- umns, the' Hure'au of building 

e’oluilUlH , . !• I ,1 • I t 1 1 • 

Inspe'ction e)| 1 lulade'lplua 

will ])ermlt the stee'l to be' ligure’el as having a. radius of gyration t'epial 
te)that of the ce)ne'rete see'tie)n, whiedi feir e)rdinary story lu'ights make's 
the permissible loaeling {d)e)ut l l,{)()t) ])ounds ])e'r sepiare; iix'h, but 
aelelitie)nal le)ading is ne)t pe'rmitte'el em the; e’oix're'tt'. d'lu' ste'e'l must 
be surre)imeleelby atleast2ine'he's e)f e'e)n('re't(', in which tlu're' must be' 
l)laceel4 small vertie'al bars, usually fj iix'h, bande'd by .{-ine’h bars, 12 
inc'hes on centers. The le)aels are; transmitte'd from tlx' be'ams and 
girders te) the steed by means e)f large; ste'f'l brae'ke'ts which are' rive'te'd 
te) the ce)humis. The we)rk is rive'te'el up in the nsnal mainx'r for 
structural steel. 

The McNulty Building.’'' 'The e'e)hnnns nse'd in the' e'onstrue'tion 
of the IMcNulty Buileling, Ne'w b'ejrk City, arc a \'cry inte're'sting 
feature in this building. The buileling is bl) fee't by ‘Hi Ice't, and is 
10 .stories higb. The ])lan of all the' Hours is tlx' same'. single' row 
of intermr cedumns is i)lace'el in the e'cnter e)f the' building, about 22 
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I he columns are of the hooped type, and are designed from the 
formula approved by the building laws of New York City. The 
formula used was 

P = l,600r2+(160,000 .4,-P)Xr+6,00n R, 

in which P is the total working load, r is the radius of the lielix, A ,, is 
the total area of the vertical steel, Ah is the sectional area of the 
hooping wire, and P is the pitch of the helix. 

The interior columns are cylindrical in form, except those sup- 
porting the roof, which are 12 - by 12 -inch and are reinforced with 4 
bars I inch in diameter. In all the other stories except the ninth, they 
are 27 inches in diameter. Below the fifth floor the reinforcement in 
each of these columns consists of 2 -inch round vertical bars, ranging 
in number from 7 in the fifth floor to 30 in the basement, and banded 
by a 24-inch helix of |-inch wire, vith a pitch of I 5 inches. The 
vertical bars were omitted between the sixth and tenth floors; and 
the diameter of the helix was gradually decreased, while the pitch 
was increased. In the ninth floor the diameter was reduced to 21 
inches. 

The wall columns are, in general, 2G b}' 30 inches, and support 
loads from 48,000 pounds in the tenth floor to 719,750 pounds in the 
basement. In the sixth story, the reinforcement in these columns 
consists of 3 round, vertical bars 2 inches in diameter; and in each of 
the floors below, the number of bars in these columns was increased, 
there being 24 in the basement columns. These are spirally wound 
with -fij-inch steel wire forming a helix 23 inches in diameter, with a 
pitch of 2 | inches. Above the seventh floor, the columns are rein- 
forced with 4 bars f inch in diameter, and tied together by o-inch 
wire spaced 18 inches apart. The columns rest on cast-iron slices, 
which are bedded on solid rock about 2 | feet below the basement floor. 

The main-floor girders extend transversely across the building, 
and have a clear span of 21 feet. The floor beams are spaced about 
6 feet apart, and have a span of about 20 feet 6 inches. The sides of 
the beams slope, the width at the bottom being two inches less than 
the width at the under surface of the slab. The reinforcement con- 
sists of plain round bars. The bars for the girders and beams were 
in+n p. tniss — tliR SuAciu — at tlic slioDS of the 






The stirrups were hot-shrunk on the longitudinal bars. The helixes 
for the columns were wound and attached to some of the vertical rods 
at the shop, to preserve the pitch. The vertical rods in each column 
project 6 inches above the floor line, and are connected to the bar 
placed on it by a piece of pipe 12 inches long. 

The concrete was a 1:2:4 mixture. Giant Portland cement was 
used, and f-inch trap rock. 

The McGraw Building. The McGraw Building, New York 
City, is a good example of a reinforced-concrete building. The 
building has a frontage of 126 feet and a depth of 90 feet, and is 11 



Fig. 216. Stair Details for the Pridenberg Building 

stories in height. The height of the roof is about 150 feet above the 
street level. The building was designed to resist the vibration of 
heavy printing machinery. The first and second floors were designed 
for a live load of 250 pounds per square foot; for the third floor, 150 
pounds per square foot; for the fourth floor and all floors above the 
fourth floor, 125 pounds per square foot. 

All beams and girders were designed as continuous beams, even 
where supported on the outside beams. There is twice as much steel 
o^•er the supports as in the center of the spans. The Building Code 
of New York City requires that the moment for continuous 
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support. These values are more than twice the theoretical \'alue as 
computed for continuous beams. 

One very interesting feature of this building is that it was con- 
structed during the winter. The first concrete was laid during Sep- 
tember, and the concrete work was completed in April. During 
freezing weather, the windows of the floors below the floor that was 
being constructed were closed with canvas; and salamanders (open 
stoves) were distributed over the completed floor, and kept in con- 


stant operation. Coke was used as the 
fuel for the salamanders. The concrete 
was mixed with hot water, and the sand 
and the stone were also heated. After 
two or three stories had been erected, 
and the construction force was fully 
organized, a floor was completed in 
about 12 days. Three complete sets of 
forms were provided and used. They 
were usually left in place nearly three 
weeks. 

Fridenberg Building. In Fig. 216 
are showm the plans of stairs constructed 
in the Fridenberg building at 908 Chest- 
nut Street, Philadelphia. This building 
is 24 feet by 60 feet, and is seven stories 
high. Structurally, the building is con- 
structed of reinforced concrete. The 
stair and elevator tower is located in the 
rear of the main building. 

The plans of the stairs are interest- 
ing on account of the long-span (about 
16 feet) slab construction. The stairs 



are designed to carry safelv a live load Fig. 217. Details nf special Type 

® *' of Lintel 

of 100 pounds per square foot; and in the 

theoretical calculations the slab was treated as a flat slab with a clear 


span of 16 feet. The shear bars are made and spaced as shown in 
the details. The calculations showed a low shearing value in the 


concrete, but stirrups were used to secure a good bond between 


The concrete was a J:2:4 mixture, and was mixed wet. The 
reinforcing steel (!onsist('d of squan; defornu'd bars, ('xc(‘pt the 
stirrups, wliicli were made of J-incli i)lain round steel. 

Special Type of Lintel. An interesting fejitnn^ of a larger nnn- 
forced-conercte building construeted for tiu^ (leneral Fdeetri(! Com- 
pany at Fort WayiH^, .Indiana., is lh(‘. design of the. lintels. As slmwn 
in Fig. 217, the bottom of the lintel is at tlu‘ saim* elevation as tlu; 
bottom of the slab. The total space betwecui tlu' eolnnms is filled 

with doubh; windows; and the 



FiR. 21S. Tyiiinil Scc’iimi of Wnli’r- 
Bii.siii Wall 


spaei' from th(Co])of thes(Mvin- 
(lows to tlu^ bottom of thos(^ 
abov(', is filled wit li a beam which 
also servi's as a wall. 

Water-Fasin and Circular 
Tanks, logs. 21S and 21!) illus- 
trate sections of tlu^ walls of the 
pun^ Wider biisin juid tlu'oO-foot 
eireular tanks which havti las'ii 
partly described in I'art l,piig(^ 
(»!), under th(‘ heading of ‘AVatcr- 
proofing”. 

d’h(' ])ur(' widt'r biisin is 100 
feet by 200 feet, and 11 feet 
<leep, giving ji ciipiieity of over 
1 ,r)00,()t)0 gidlons. d'he eounti'r- 
fortsare spaced 12 feid. 0 inelu'S, 
center to ceider, iind Jiri; 12 
inches thick, (‘xei'pt evi'ry fourth 
one, which Wiis made IS inches 


thick, d he LS-inch counterforts wen' constructed iistwo counterforts 
each !) inchi's thick, asthe verticid joints in tin* widls were nnnh'at this 
point; thiit is, the concrete Ix'tween tlu' ei'idt'rs of t wo of the IS-incli 
counterlorts Wiis ])liiced in one diiy. On tlui two ends and one side 
of the biisin the counterforts were constructed <m the t'xterior of the 
biisin to su])port iiboiit 10 feet of ('iirth. But on one side it would 
hiive Ix'cn necessary to remove rock 0 to iS fi'ct in thiekiu'ss to nuike 
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If both faces of the vertical wall had been reinforced, the same as the 
one shown, then the wall would have been able to resi.st an outward 
or an inward pressure, and the "piers” would act as counterforts or 
buttresses, depending on whether they were in tension or in com- 
pression. 

The concrete used consisted of 1 part Portland cement, 3 parts 
sand, and 5 parts crushed stone. The stone was graded in size from 
I inch as the minimum to f inch as the maximum size. Square- 
sectioned deformed bars w'ere used as the steel reinforcement. The 
forms were constructed in units so that they 
could be put up and taken down quickly. 

The size and spacing of the bars in the 
walls of the circular tanks are shown in Fig. 

219. The framework of the forms to which 
the lagging was fastened was cut to the desired 
curve at a planing mill. This framing was 
cut from 2- by 12-inch lumber. The lagging 
was f inch thick, and surfaced on one side. 

Main Intercepting Sewer. In the devel- 
opment of sewage purification work at Water- 
bury, Connecticut, the construction of a main 
intercepting sewer was a necessity. This 
sewer is three miles long. It is of horseshoe 
shape, 4 feet 6 inches by 4 feet 5 inches, and 
is constructed of reinforced concrete. The 
details are illustrated in Fig. 220. 

The trench excavations were principally 
through water-bearing gravel, the gravel rang- I'ie- 219 ^ 
ing from coarse to fine. Some rock was encoun- 
tered in the trench excavations. It was a granite gneiss of irregular 
fracture, and cost, with labor at 17§ cents per hour, about $2.00 per 
cubic yard to remove it. Much of the trench work varied in depth 
from 20 to 26 feet. Owing to the varying conditions, it was necessary 
to vary the sewer section somewhat. Frequently, the footing course 
was extended. However, the section shown in the figure is the normal 
section. 

The concrete was mixed very wet, and poured into practically 
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cement to 7| parts of aggregate, graded to secure a dense concrete. 
Care was used in placing the concrete, and very smooth surfaces were 
secured. Plastering of the surfaces was avoided. Any voids were 
grouted or pointed, and smoothed with a wood float. Expanded 
metal and square-twisted bars were used in different parts of 
the work. In Fig. 220, the size and spacing of the bars are shown. 
The bars were bent to their required shape before they were lowered 
into the excavation. 

The forms in general were constructed as shown in the figure. 
The inverted section was built as the first operation; and after the 



Fig. 220. Section of Intercepting Sewer at Waterbury, Connecticut 


surface was thoroughly troweled, the section was allowed to set 36 
to 48 hours before the concreting of the arch section was begun. The 
lagging was f inch thick, with tongue-and-groove radial joints, and 
toenailed to the 2-inch plank ribs. The exterior curve was planed 
and scraped to a true surface. The vertical sides of the inner form 
are readily removable, and the semicircular arch above is hinged at 
the soffit and is collapsible. The first cost of these forms has averaged 
818.00 for 10 feet of length; and the cost of the forms per foot of 
sewer built, including first cost and maintenance, averaged 10 cents. 
Petrolene, a crude petroleum, was found very effective in preventing 
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Cost records kept under the several contracts and assembled into 
a composite form show what is considered to be the normal cost of 
this section, under the local conditions. Common labor averaged 17 -^- 
cents, sub-foremen 30 cents, and general foremen 50 cents per hour. 

Normal Cost per Lineal Foot of 53= by 54=Inch Reinforced= 


Concrete Sewer 

Steel reinforcement, 17| Ib $0.43 

Making and placing reinforcement cages 14 

Wood interior forms, cost, maintenance, and depreciation 12 

Wood exterior forms, cost, maintenance, and depreciation 05 

Operation of forms 16 

Coating oil 01 

Mixing concrete 30 

Placing concrete 27 

Scrceding and finisliing invert 08 

Storage, handling, and cartage of cement 08 

0.482 bbl. cement at SI . 53 74 

0 . 17 cu. yd. sand at $0 . 50 09 

0.435 cu. yd. broken stone at $1.10 47 

Finishing interior surface 01 

Sprinkling and wetting completed work 02 


Total cost per lineal foot $2.97 


This is equivalent to a cost of $9.02 per cubic yard. 

Bronx Sewer, New York. lu Fig. 221 is shown a section of one 
of the branch sewers constructed in the Borough of the Bronx, New 
Y^ork City, A large part of 
this sewer is located in a salt 
marsh where w^ater and un- 
stable soil made construction 
work very difficult. The gen- 
eral elevation of the marsh 
is 1.5 feet above mean high 
water. In constructing this 
sewer in the marsh, it was 
necessary to construct a pile 
foundation to support the 
sewer. The foundation was 
capped with reinforced con- 
crete; and then the sewer, as shown in the section, was constructed on 
the nile foundation. The eonerete for thi?; work m r‘f>rnnnt;prl nf 1 
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Girder Bridge. The reinforced-concrete bridge shown in Fig. 
222 was constructed near Allentown, Pennsylvania. This type of 
bridge has been found to be economical for short spans. Worn-out 
wood and steel highway bridges are in general being replaced with 
reinforced-concrete bridges, and usually at a cost less than that of 
a steel bridge of the same strength. Steel bridges should be painted 
every year; and plank floors, as commonly used in highway bridges, 
require almost constant attention, and must be entirely renewed 
several times during the life of a bridge. A reinforced-concrete 



Fig. 222. Details of Girder Bridge near Allentown, Pennsylvania 


bridge, however, is entirely free of these expenses, and its life should 
at least be equal to that of a stone arch. From an architectural 
standpoint, a well-flnished concrete bridge compares very favorably 
with a cut-stone arch. 

The bridge shown in Fig. 222 is 16 feet wide, and has a clear 
span of 30 feet. It is designed to carry a uniformly distributed 
load of 150 pounds per square foot, or a steel road roller weighing 15 
tons, the road roller having the following dimensions: The width 
of the front roller is 4 feet, and of each rear roller, 20 inches; the dis- 
tance apart of the two rear rollers is 5 feet, center to center; and 
the distance between front and rear rollers is 11 feet, center to center; 



the weight on the front roller is 6 tons, with 4.5 tons weight on each 
of the rear rollers. 

In designing this bridge, the slab was designed to carry a live 
load of 4,5 tons on a width of 20 inches, when placed at the middle of 
the span, together with the dead load consisting of the weight of the 
macadam and the slab. The load corisidered in designing the cross- 
beams consisted of the dead load — weight of the macadam, slab, and 
beam — and a live load of 6 tons placed at the center of the span of the 
beam, which was designed as a T-beam. In designing each of the 
longitudinal girders, the live load was taken as a uniformly distributed 
load of 150 pounds per square foot over one-half of the floor area of 
the bridge. The live load was increased 20 per cent over the live 
load given above, to allow for impact. 

In a bridge of this type, longitudinal girders act as a parapet, as 
well as the main members of the bridge. The concrete for this work 
was composed of 1 part Portland cement, 2 parts sand, and 4 parts 
1-inch stone. Corrugated bars were used as the reinforcing steel. 

When there is sufficient headroom, all the beams can be con- 
structed in the longitudinal direction of the bridge, and are under the 
slab. The parapet may be constructed of concrete; or a cheaper 
method is to construct a handrailing with l|-inch or 2-inch pipe. 
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CONCRETE ARCH DESIGN AND 
CONSTRUCTION 

Definitions of Terms Pertaining to Arch Masonry. The follow- 
ing are definitions of technical terms frequently used in connection 
with the subject of arch masonry (see Pig. 223): 

Abutment. An abutment is the masonry which supports an 
arch at either end, and which is so designed that it can resist the 
lateral thrust of the arch. 

Arch Sheeting. Arch sheeting is that portion of an arch which 
lies between the ring stones. 

Backing. Backing is the masonry which is placed outside of or 
above the extrados, with the sole purpose of furnishing additional 
weight on that portion of the arch; it is always made of an inferior 
quality of masonry and with the joints approximately horizontal. 

Coursing Joint. A coursing joint is a mortar joint which 
runs continuously from one face of the arch to the other. 

Crown. The crown is the vertex or highest part of an arch ring. 

Extrados. The extrados is the upper, or outer, surface of the 
voussoirs which compose the arch ring. 

Haunch. That portion of an arch which is between the crown 
and the skewback is called the haunch; although there is no definite 
limitation, the term applies, generally, to that portion of the arch 
ring which is approximately halfway between the crown and the 
skewback. 

Heading Joint. A heading joint is a joint between two consecu- 
tive stones in the same string course. In order that the arch shall 
be properly bonded together, such joints are purposely made not 
continuous. 
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Intrados. The intrados is the inner or lower surface of an arch. 
The term is frequently restricted to the line which is the intersection 
of the inner surface by a plane that is perpendicular to the axis of the 
arch. 

Keystone. The keystone is the voussoir which is placed at the 
crown of an arch. 

Parapet. The wall which is usually built above the spandrel 
walls and above the level of the roadway is termed the parapet. 

Ring Stones. Ring stones are the voussoirs which form the 
arch ring at each end of the arch. 

Rise. The rise is the vertical height of the bottom of the key- 
stone above the plane of the skewbacks. 



Fig. 223. Diagram Showing Parts of a Typical Arch 


Skewhack. Skewback is the term applied to the top course of 
stones on the abutments. The upper surfaces of the stones are cut 
at such an angle that the surfaces are approximately perpendicular 
to the direction of the thrust of the arch. 

Soffit. The inner or lower surface of an arch is known as the 
sofRt. 

Span. The span is the perpendicular distance between the two 
springing lines of an arch. 

Spandrel. The space between the extrados of an arch and the 
roadway is designated as the spandrel. The walls above the ring 
stones at the ends of the arch are called spandrel walls. The mate- 
rial deposited between the spandrel walls and in this spandrel space 




Spfinger. Springer is^ loosely, the point from ■which an arch 
seems to spring; or specifically, the first arch stone above a skew- 
back. 

Springing Line, The springing line is the upper (and inner) 
edge of the line of skewbacks on an abutment. 

String Course. A string course is a course of voussoirs of the 
same width — perpendicular to the axis of the arch — which extends 
from one arch face to the other. 

Voussoirs, Voussoirs are the separate stones forming an arch 

ring. 

Classification of Arches. Arches are variously described 
according to the shape of the intrados, and also according to the 
form of the soffit : 

Basket-Handle Arch. A basket-handle arch is one whose 
intrados consists of a series of circular arcs tangent to each other. 
They are usually three-center ed or five-centered. 

Catenarian Arch. A catenarian arch is an arch whose 
intrados is a mathematical curve known as the catenary. This 
is the natural curve assumed by a chain which is hung loosely 
from two points. 

Circidar Arch. Circular arches are those in which the intrados 
is the arc of a circle. 

Elliptical Arch, An elliptical arch is an arch whose intrados is 
a portion of an ellipse. 

Hydrostatic Arch. A hydrostatic arch is one w^hose intrados is 
of such a form that the equilibrium of the arch is dependent upon 
such a loading as would be made by water. 

Pointed Arch. A pointed arch is one whose intrados consists of 
two similar curves which meet at a point at the top of the arch. 

Relieving Arch. An arch w’-hich is built above a lintel, and 
which relieves the lintel of the greater portion of its load, is called a 
relieving arch. 

Right Arch. A right arch is an arch whose soffit is a cylinder, 
and whose ends are perpendicular to the axis of the arch. 

Segmental Arch. A segmental arch is one whose intrados is a 
circular arc which is less than a semicircle. 

Semicircidar Arch. A semicircular arch is one whose intrados 
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Skew Arch. A skew arch is an arch whose soffit may or may 
not be cylindrical, but wdiose ends are not perpendicular to the axis 
of the arch. They are also called oblique arches. 


THEORY OF ARCHES 

General Statement. The mechanics of the arch are almost 
invariably solved by a graphical method, or by a combination of 
the graphical method wnth numerical calculations. This is done, 
not only because it simplifies the work, but also because, although 
the accuracy of the graphical method is somewdiat limited, yet, with 
careful work, it may easily be made even more accurate than is 
necessary, considering the uncertainty as to the true ultimate 
strength of the masonry used. The development of this graphical 

method must necessarily follow 




Fig. 234. Diagram of Resultant of Two Forces 


the same lines as in Statics. It 
is here assumed that the student 
has a knowledge of Statics, and 
that he already understands the 
graphical method of representing 
the magnitude, direction, and 
line of application of a force. 
Several of the theorems or gen- 
eral laws regarding the compo- 
sition and resolution of forces. 


will be briefly reviewed as a preliminarj^ to the proof of those laws 
of graphical statics which are especially applied in computing the 
stresses in an arch. 

Resultant of Two Non=ParalIel Forces. The resultant of two 
forces, A and B, which are not parallel, whose lines of action are as 
shown in Fig. 224-a, and which are .measured by the lengths of the 
lines A and B, Fig. 224-b, is readily found by producing the lines of 
action to their intersection at c. The two known forces are drawn in 
Fig. 224-b, so that their direction is parallel to the known directions 
of the forces, and so that the point of one force is at the butt end of 
the other. Then the line R joining the points m and n, Fig. 224-b, 
gives the direction of the resultant; and a line through c parallel to 
that direction srives the actual line of that resultant. The m.n. 



a closed figure. If an arrow is marked on R so that it points upward, 
the arrows on the forces would run continuously around the figure. 
If R were acting upward, it would represent the force which would 
just hold A and B in equilibrium; pointing doionward, it is the 
resultant or combined effect of the two forces. We may thus define 
the resultant of two — or more — forces as the force which is the equal 
and opposite of that force which wdll just hold that combination of 
forces in equilibrium. 

Resultant of Three or More Forces. This may be solved by an 
extension of the method previously given as shown in Fig. 224. 
The resultant of B and C, Fig. 225, is R'; and this is readily com- 
bined with A, giving R' as the resultant of all three forces. The 


same principle may be ex- 
tended to any number of 
non-parallel forces acting in 
a plane. The resultant of 
four non-parallel forces is 
best determined by finding, 
first, the resultant of each 
pair of the forces taken two 
and two. Then the result- 




. n ,1 , lx X Fig. 225. Diagram Showing Resultant of Three Forces 

ant or the two resultant 


forces is found, just as if each resultant were a single force. ' 
Resultant of Two or More Parallel Forces. When the forces 


are all parallel, the direction of the resultant is parallel to the com- 
ponent forces; the amount is equal to the sum of the component 
forces; but the line of action of the resultant is not determinable as 
in the above cases, since the forces do not intersect. It is a principle 
of Statics which is easily appreciated, that it does not alter the statics 
of any combination of forces to assume that two equal and opposite 
forces are applied along any line of action. From Fig. 226-b, we see 
that the forces F and G will hold A in equilibrium; that G and II 
will hold B in equilibrium; and that II and K will hold C in equilib- 
rium. But the force G required to hold A in equilibrium is the 
equal and opposite of the force G required to hold B in equilibrium; 
and similarly the force II for B is equal and opposite to the force II 
for C. We thus find that the forces A, B, and C can be held in equi- 



equal and opposite torces H, and the unbalanced force A. ihe 
result, therefore, is that A, B, and C are held in equilibrium by 
two forces F and K. The resultant R is the sum of A, B, and C; 
therefore the combined-load line represents the resultant R. j 

external lines of Fig. 226-b show that F, K, and R form a closed I 

'e with the arrows running continuously around the figure; and i 

F and K are two forces wdiich hold R, the resultant of A, B, and i 

a equilibrium. By producing the lines representing the forces 
id K in Fig. 226-a\intil they intersect at x, we may draw a | 

ical line through it which gives the desired line of action of i?. | 

; is in accordance with the principles given in the previous ; 



Nothing was said as to how F, G, H, and K were drawn in 
226-a and Fig. 226-b. These forces simply represent one of an 
ite number of combinations of forces which would produce the 
i result. The point o is chosen at random, and lines, called 
are drawn to the extremities of all the forces. The lines of 
i {A, B, and C) in Fig. 226-b — ^which is called the force diagram 
3 together called the load line. The line of forces {F, G, H , 
K) in Fig. 226-a, together with the closing line y z, is called an 
ihrium -polygon. 

Statics of a Linear Arch. We shall assume that the lines in 
226 by w'hich we have represented forces F, G, II, and K repre- 
struts which are hinged at their intersections with the forces 
and C, which represent loads; and that the two end struts F 
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and K are hinged at two abutments located at y and s. Tlien all of 
the struts will be in compression, and the rays of the force diagram 
will represent, at the same scale as that employed to represent 
forces or loads A, B, and C, the compression in each of the struts. 
In the force diagram, draw a line from o, parallel with the line y z. 
It intersects the load line in the point n. Considering the triangle 
O'pn as a force diagram, op represents the force E, while p7i and o/i 
may represent the direction and amount of two forces which will 
hold F in equilibrium. Therefore pn wmuld represent the amount 
and direction of the vertical component of the abutment reaction at 
y, and on would represent the component in the direction of yz. 
Similarly, we may consider the triangle onq a,s a force diagram; that 
nq represents the vertical component R", and that on represents 
the component in the direction zy. Since on is common to both of 
these force triangles, they neutralize each other, and the net result- 
ant of the two forces F and K is the twm vertical forces R and R"; 
but since the resultant R is the resultant of F and K, we may say 
that R' and R" are two vertical forces whose combined effect is the 
equal and opposite of the force R. Although an indefinite number 
of combinations of forces could begin and end at the points y and z, 
and could produce equilibrium with the forces A, B, and C, the 
forces R' and R" are independent of that particular combination of 
struts, F, G, II, and K. 

Graphical Demonstration of Laws of Statics by Student. The 

student should test all this work in Statics by drawing figures, very 
carefully and on a large scale, in accordance with the general instruc- 
tions as described in the text, and should purposely make some 
variation in the relative positions and amounts of the forces, from 
those indicated by the figures. By this means the student will be 
able to obtain a virtual demonstration of the accuracy of the laws 
of Statics as formulated. The student should also remember that 
the law^s are theoretically perfect; and w^hen it is stated, for example, 
that certain lines should be parallel, or that a certain line drawn in 
a certain w^ay should intersect some certain point, the mathematical 
laws involved are perfect; and if the drawing does not result in the 
expected way, it either proves that a blunder has been made, or it 
-i-v-i ■»-» +l-in4* TH pfbnd is mrrprt. blit that the drawing 


Equilibrium Polygon with Horizontal Closing Lines. In Fig. 

227^ the same forces A, B, and C have been drawn, having the same 
relative positions as in Fig. 226. The lines of action of the two 
vertical forces R' and R" have also been drawn in the same relative 
position as in Fig. 226. The point n has also been located on the 
load line in the same position as in Fig. 226. Thus far the lines are 
a repetition of those already drawn in Fig. 226, the remainder of the 
figure being omitted, for simplicity. Since the point n in Fig. 226 is 
the end of the line from the trial pole o, which is parallel to the closing 
line yz, and since the point n is a definitely fixed point and determines 
the abutment reactions regardless of the position of the trial pole o, 
we may draw from n an indefinite horizontal line, such as no', and 



we know that the pole of any force diagram must be on this line if 
the closing line of the corresponding equilibrium polygon is to be a 
horizontal line. For example, we shall select a point o' on this line, 
at random. From o' we shall draw rays to the points p, s, r, and g. 
From the point y, we shall draw a line parallel to o'p. Where this 
line intersects the force A, draw a line parallel to the ray o's. Where 
this intersects the force B, draw a line parallel to the ray o'r. Where 
this intersects the force C, draw a line parallel to the ray o'g. This 
line must intersect the point z', which is on a horizontal line from y. 
The student should make some such drawing as here described, and 
should demonstrate for himself the accuracy of this law. This 
equilibrium polygon is merely one of an infinite number which, if 
acting as struts, would hold these forces in equilibrium, but it com- 


bines the special condition that it shall pass through the points y and 
. There are also an infinite number of equilibrium polygons which 
will hold these forces in equilibrium and which will pass through the 
points y and z' . 

We may also impose another condition, which is that the first 
line of the equilibrium polygon shall have some definite direction, such 
as y 1 . In this case the ray from the point p of the force diagram must 
be parallel to y 1 ; and where this line intersects the horizontal line no' 
(produced in this case) is the required position for the pole o". 
Draw rays from o" to s, r, and q, continuing the equilibrium polygon 
by lines which are respectively parallel to these rays. As a check on 
the work, the last line of the equilibrium polygon which is parallel to 
o''q should intersect the point z'. The triangles y /b /i and o' p 71, have 
their sides respectively parallel to each other, and the triangles are 
therefore similar. Their corresponding sides are therefore propor- 
tional, and we may write the equation 

o'n :yJi :: ‘pn : kh 

Also, from the triangles ylh and o"pn, we may write the proportion 

o"ii : yh:: pn : Ih 

From these t'wo proportions may derive the proportion 

o'n : o"n : :lli : k h 

but o'n and o"n are the pole distances of their respective force dia- 
grams, while k h and I h are intercepts by a vertical line through the 
corresponding equilibrium polygons. The proportion is therefore a 
proof, in at least a special case, of the general law that '^the perpen- 
dicular distances from the poles to the load lines of any two force 
diagrams are inversely proportional to any two intercepts in the 
corresponding equilibrium polygons”. The above proportions prove 
the theorem for the intercepts hk and hi. A similar combination 
of proportions would prove it for any vertical intercept between y 
and h. The proof of this general theorem for intercepts which pass 
through other lines of the equilibrium polygon is more complicated 
and tedious, but it is equally conclusive. Therefore, if we draw 
any vertical intercept, such as tvw, we may write out the general 
proportion 


In this proportion, if o''n were an unknown quantity, or the position 
of o" were unknown, it could be readily obtained by drawing two 
random lines as shown in Pig. 227-c, and laying off on one of them 
the distance no', and on the other line the distances vio and tw. 
By joining v and o' in Fig. 227-c, and drawing a line from t par- 
allel to vo', it will intersect the line no' produced, in the point 
o". As a check, this distance to o" should equal the distance no" in 
Fig. 227-b. A practical application of this case, and one that is 
extensively employed in arch work, is the requirement that the 
equilibrium polygon shall be drawn so that it shall pass through 
three points, of which the abutments are two, and some other point 
(such as 7)) is the third. After obtaining a trial equilibrium polygon 
whose closing line passes through the points y and z', the proper 
position for the pole o" which shall give the equilibrium polygon that 
will pass through the point v may be easily determined by the method 
described above. 

The process of obtaining an equilibrium polygon for parallel 
forces which shall pass through two given abutment points and a 
third intermediate point may be still further simplified by the appli- 
cation of another property, and without drawing two trial equilib- 
rium polygons before we can draw the required equilibrium polygon. 
It may be demonstrated that if the pole distance from the pole to the 
load line is unchanged, all the vertical intercepts of any two equilib- 
rium polygons drawn with these same pole distances are equal. For 
example, in Fig. 226, a line is drawn vertically upward from o, until 
it intersects the horizontal line drawn through n in the point o". This 
point is the pole of another equilibrium polygon whose closing line 
will be horizontal, because the pole lies on a horizontal line from the 
previously determined point n in the load line. Any vertical inter- 
cept of this equilibrium polygon will be equal to the corresponding 
intercept on the first trial equilibrium polygon. Therefore, in order 
to draw a special equilibrium polygon for a given set of vertical loads, 
the polygon to pass through two horizontal abutment points and a 
definite third point between them, we need only draw, first, a trial 
equilibrium polygon, the rays in the force diagram being drawn 
through any point chosen as a pole. Then if we draw a line 
from the trial pole parallel with the closing line of this trial equilib- 
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special equilibrium polygon is to pass. The vertical distance of 
this point above the line joining the abutments is the required inter- 
cept of the true equilibrium polygon. The intersection of that 
vertical with the upper line and the closing line of the trial equilib- 
rium polygon is the intercept of the trial polygon. The pole dis- 
tance of the true equilibrium polygon is then obtained by the appli- 
cation of Equation (60), by which the pole distances are declared 
inversely proportional to any two corresponding intercepts of the 
equilibrium polygons. 

Another useful property, which will be utilized later, and which 
may be readily verified from Figs. 226 and 227, is that, no matter 
what equilibrium polygon may be drawn, the two extreme lines of the 
equilibrium polygon, if produced, intersect in the resultant R; there- 
fore, when it is desired to draw an equilibrium polygon which shall 
pass through any two abutment ’points, such as y 2 or yz', we may 
draw, from these two abutment points, two lines which shall inter- 
sect at any point on the resultant R. We may then draw two lines 
which will be respectively parallel to these lines from the extremities 
p and q of the load lines, their intersection giving the pole of the 
corresponding force diagram. 

Equilibrium Polygon for Non=Vertical Forces. The above 
method is rendered especially simple, owing to the fact that the 
forces are all vertical. When the forces are not vertical, the method 
becomes more complicated. The principle will first be illustrated 
by the problem of drawing an equilibrium polygon which shall pass 
through the points y, 2 , and v in Fig. 228. We shall first draw 
the two non-vertical forces in the force diagram. The resultant R 
of the forces A and B is obtained as shown in Fig. 224. Utilizing 
the property referred to above, we may at once draw two lines 
through y and 2 which intersect at some assumed point e on the 
resultant R. Drawing lines from p and q parallel respectively to 
6 2 and ey, we determine the point o' as the trial pole for our force 
diagram. As a check on the drawing, the line joining the inter- 
sections b and c should be parallel to the ray o's, thus again verifying 
one of the laws of Statics. If the line h c is produced until it inter- 
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sects the line yz produced, and a line is drawn from the intersection x 
through the required point 'o, it will intersect the forces A and B in 
the points d and g. Then d g will be one of the lines of the required 
equilibrium poh'gon. By drawing lines from q and y parallel to yd 
and z g, we find their intersection o", which is the pole of the required 
force diagram. There are two checks on this result: (1) the line 
so" is parallel to dg] and (2) the line o'o" is horizontal. 

If the line be is horizontal or nearly so, the intersection (.t) of 
h c and y z produced is at an infinite distance away, or is at least off 
the drawing. If 6c is actually horizontal, the line dg will also be a 
horizontal line passing through v. When 6 c is not horizontal, but is 



so nearly so that it will not intersect t/s at a convenient point, the 
line dg may be determined as is indicated by the dotted lines in the 
figure. Select any point on the line yz, such as the point o. 
Through the given point v, draw a vertical line which intersects the 
known line 6 c in the point Jc. From some point in the line 6 c (such 
as the point 6), draw the horizontal line bh and the vertical line bn. 
The line from o through k intersects the horizontal line from b in the 
point h. From the point h, drop a vertical; this intersects the line 
ov produced, in the point m. From m, draw a horizontal line which 


the force R. Another check on the work, which the student should 
make, both as a demonstration of the law and as a proof of the 
accuracy of his work, is to select some other point on the line yz 
than the point o, and likewise some other point on the line ho than 
the point b, and make another independent solution of the problem. 
It will be found that when the drawing is accurate, the new position 
for the point n will also be on the line dg. 

In applying the above principle to the mechanics of an arch, 
the force A represents the resultant of all the forces acting on the 
arch on one side of the point d through which the desired equilibrium 
polygon is required to pass; and the force B is the resultant of all the 
forces on the other side of that point. A practical illustration of this 
method will be given later. 

VOUSSOIR ARCHES 

Definition. A voussoir arch is an arch composed of separate 
stones, called voussoirs, which are so shaped and designed that the 
line of pressures between the stones is approximately perpendicular 
to the joints between the stones. So far as it affects the mechanics 
of the problem, it is assumed that the mortar in the joints between 
the voussoirs acts merely as a cushion, and that the mortar has no 
tensile strength whatever, even if the pressure at any joint should 
be such as to develop tensile action. It is this feature which 
constitutes the distinction between a voussoir arch and an elastic 
arch, which is assumed to be an arch of such material that tensile or 
transverse stresses may be developed. 

Distribution of Pressure between Two Voussoirs. The unit 
pressure on any joint is assumed to vary in accordance with the 
location of the center of pressure, as is illustrated in Fig. 229. In 
the first case, where the center of pressure is over the center of the 
face of the joint and is perpendicular to it, the pressure will be 
uniformly distributed, and may be represented, as in Fig. 229-a, by 
a series of arrows which are all made equal, thus representing equal 
unit pressures. As the center of pressure varies from the center of 
the joint, the unit pressure on one side increases and the unit pressure 
on the other side decreases, as shown in Fig. 229~b. The trapezoid in 
this diagram has the same area as the rectangle of the first diagram 




XVJLrXKj\_/il X XXX'l JL-' JLi/JLJXXl X 


of the trapezoid. As the center of pressure continues to move away 
from the center of the joint, the unit pressure on one side becomes 
greater, and on the other side less, until the center of pressure is at a 
point I of the mdth of the joint away from the center. In this case 
(c) , the center of pressure is at the extreme edge of the middle third of 
the joint. The group of pressures illustrated in Fig. 229-c becomes 
a triangle, which means that the pressure at one side of the joint has 
become just equal to zero, and that the maximum pressure at the 
other side of the joint is twice the average pressure. If the line of 
pressure varies still further from the center of the joint, the diagram 

of pressures will always be a tri- 
angle whose base is always three 
times the distance of the center 
of pressure from the nearest edge 
of the joint. If the total pressure 
on that joint remains constant, 
then the intensity of pressure on 
one side of the joint becomes ex- 
treme, and may be sufficient to 
crush the stone. Also, since the 
elasticity of the stone — or of the 
mortar between the stones — will 
cause the stone (or mortar) to 
yield, the yielding being propor- 
tional to the pressure, the joint 
will oi^en at the other side, 
where there is no pressure. In 
accordance with this principle of the distribution of pressure, it is 
always specified that a design for an arch cannot be considered safe 
unless it is possible to draw a line of pressure — an equilibrium poly- 
gon — which shall at every joint pass through the middle third of that 
joint. If the line of pressure at any joint does not pass through the 
middle third, it means that such a joint will inevitably open, and 
make a bad appearance, even though the unit pressure on the other 
end of that joint is not so great that the masonry is actually crushed. 

Factor of Saf ety. Since the actual crushing strength of stone is 
a rather uncertain and variable quantity, a larger factor of safety is 



Fig. 229. Diagram Showing Distribu- 
tion of Pressure 
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tion. This factor is usually made ten; and therefore^ whenever the 
line of pressures passes through the edge of the middle third, the 
average unit pressure on the joint should not be greater than -^V of 
the crushing strength of the stone. 

Quality of Stone. Ultimate values for crushing strength have been 
given in Table I, Part I, page 6. They vary from about 3,000 
pounds per square inch, for a sandstone found in Colorado, up to 
28,000 pounds per square inch for a granite found in Minnesota. 
The weaker stone would hardly be selected for any important work. 
Usually, a stone wdiose ultimate strength is 10,000 pounds per square 
inch or more would be selected for a stone arch. Such a stone 


could be used with a working pressure of 500 pounds per square inch 
at any joint, assuming that the line of pressure does not pass outside 
of the middle third at any joint. 

External Forces Acting on an Arch. There is always some 
uncertainty regarding the actual external forces acting on ordinary 
arches. The ordinary stone arch r, 




Fig. 230. Diagram Showing Method of 
Detormining Reduced Load Lino 


consists of a series of voussoirs, 
which are usually overlaid with a 

mass of earth or cinders having a 

depth of perhaps several feet, on 

top of which may be the pavement 330. Diagram showing Method of 

of a roadway. The spandrel walls Detormining Reduced Load Lino 

over the ends of the arch, especially when made of squared-stone 
masonry, also develop an arch action of their own which materially 
modifies the loading on the arch rings. As this, however, invariably 
assists the arch, rather than weakens it, no modification of plan is 
essential on this account. The actual pressure of the earth filling, 
together with that caused by the live load passing over the arch, on 
any one stone, is uncertain in very much the same way as the pressure 
on a retaining wall is uncertain, as previously explained. 

The simplest plan is to consider that each voussoir is carrying a 
load of earth equal to that indicated by lines from the joints in the 
voussoir vertically upward to the surface. The development of the 
graphical method makes it more convenient to draw what is called 


orininorl. Innrl hna nn fn'n nf arnh in iirhmh of 
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made. Fig. 230. Even the live load on the arch is represented in 
the same manner, by an additional area on top of the reduced line 
for the earth pressure, the depth of that area being made in propor- 
tion to the intensity of the live load compared with the unit weight 
of stone. For example, if the earth filling weighs 100 pounds per 
cubic foot, and the stone of the arch weighs 160 pounds per cubic 
foot, then each ordinate for the earth load would be of the 
actual depth of the earth. Likewise, if the live load per square 

foot on the arch equals 120 pounds, 
then the area representing the live 
load would be -f f-Q- of a foot, ac- 
cording to the scale adopted for 
the arch. The weight of the pav- 
ing, if there is any, should be sim- 
ilarly allowed for. If we draw 
from the upper end of each joint 
a vertical line extending to the top 
of the reduced load line, then the 
area between these two verticals 
and between the arch and the load 
line represents the weight at the 
scale adopted for the drawing, and 
at the unit value for the weight 
per cubic foot — 160 pounds per 
cubic foot, as suggested above — 
actually pressing on that particular 
voussoir. A line through the cen- 
ter of gravity of the stone itself 
gives the line of action of the force 
of gravity on the voussoir. An approximation to the position of 
this center of gravity, which is usually amply accurate, is the point 
which is midway between the two joints, and which is also on the 
arch curve that lies in the middle of the depth of each voussoir. The 
center of gravity of the load on the voussoir is approximately in the 
center of its width. The resultant of two parallel forces, such as V 
and L, Fig. 231, equals in amount their sum R, and its line of action 
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Fig. 2.31. Graphical Determination of 
Circular Arch; Span and Rise 
Being Known 


very small that the position of their resultant R can be drawn by 
estimation as closely as the possible accuracy of drawing will permit, 
without recourse to the theoretically accurate method just given. 
The amount of the resultant is determined by measuring the areas, 
and multiplying the sum of the two areas by the weight per cubic 
foot of the stone. This gives the weight of a section of the 
arch ring one foot thick — parallel with the axis of the arch. The 
area of the voussoir practically equals the length (between the 
joints of that section) of the middle curve, times the thickness 
of the arch ring. The area of the load trapezoid equals the hori- 
zontal wndth between the vertical sides, times its middle height. 
The student should notice that several of the above statements 
regarding areas, etc., are not theoretically accurate; but, wnth the 
usual proportions of the dimensions of the voussoirs to the span 
of the arch, the errors involved by the approximations are harmless, 
while the additional labor necessary for a more accurate solution 
would not be justified by the inappreciable difference in the final 
results. 

Depth of Keystone. The proper depth of keystone for an arch 
should, theoretically, depend on the total pressure on the keystone 
of the arch as developed from the force diagram; and the depth 
should be such that the unit pressure shall not be greater than a safe 
working load on that stone. But since we cannot compute the 
stresses in the arch until 'we know, at least approximately, the 
dimensions of the arch and its thickness, from which \ye may com- 
pute the dead weight of the arch, it is necessary to make at least a 
trial determination of the thickness. The mechanics of such an 
arch may then be computed, and a correction may subsequently be 
made, if necessary. Usually, the only correction which wmuld be 
made wmuld be to increase the thickness of the arch, in case it was 
found that the unit pressure on any voussoir would become danger- 
ously high. Trautwnne’s Handbook quotes a rule which he declares 
to be based on a very large number of cases that were actually 
worked out by himself, the cases including a very large range of 
spans and of ratios of span to rise. The rule is easily applied, and 
is sufficiently accurate to obtain a trial depth of the keystone. It 
will probably be seldom, if ever, that the depth of the keystone, as 



determined by this rule, would need to be altered. The rule is as 
follows : 

Depth of keystone, in feet = ft. ( 61 ) 

For architectural reasons, the actual keystone of an arch is 
usually made considerably deeper than the voussoirs on each side of 
it, as illustrated in Fig. 223. When computing the maximum per- 
missible pressure at the crown, the actual depth of the voussoirs on 
each side of the keystone is used as the depth of the keystone; or, 
perhaps it would be more accurate to say that the extrados is drawn 
as a regular curve over the keystone, as illustrated in Fig. 233, and 
then any extra depth which may subsequently be given to the key- 
stone should be considered as mere ornamentation and as not affect- 
ing the mechanics of the problem. 


ILLUSTRATIVE PROBLEM 


Design of Arch with Twenty=Foot Span. The above principles 
will be applied to the case of an arch having a span of 20 feet 
and a rise of 3 feet. If this arch is to be a circular arch or a seg- 
mental arch, the radius which will fulfill 


Tiy" 1 these conditions may be computed as 

— _ — 



illustrated in Fig. 232. We may draw a 
horizontal line, at some scale, which will 
represent the span of 20 feet. At the 
center of this line we may erect a perpen- 
dicular which shall be 3 feet long, at the 
same scale. Joining the points a and c, 
and bisecting ac at d, we may draw a line 
from the bisecting point, which is perpen- 
dicular to ac, and this must pass through 
the center of the required arc. A vertical linq through c will also pass 
through the center of the required arc, and their intersection will give 
the point o. As a graphical check on the work, a circle drawn about o 
as a center, and with o c as a radius, should also pass through the 
points a and h. Since some prefer a numerical solution to determine 
the radius for a given span and rise, the radius for this case may be 
computed as follows: The line ac equals the square root of the 


Fig. 233. Diagram of Stresses in 
Twenty-Foot Arch. Reproduced 
from Original Drawing at 
Scale of i Inch =1 Foot 









^ac ~!“ce ; but the angle cae equals angle aod, and, from similar 
triangles, we may write the proportion 

ao : ad ac : ce 

— _ 1 ae -f~ce^ _ 1 half-span^ rise^ 

C6 2c6 2 C6 2 rise 

This equals numerically, in the above case, 109 6 = 18.17. 

Applying the above rule for the depth of the keystone, we would 
find for this case that the depth should be 

p. , 1 V18.17+10 , . „ 

Depth = 1-0.2 



.2 


= 1.33-h0.2 
= 1.53 ft. 


Since the total pressure on the voussoirs is always greater at the abut- 
ment than at the crown, the depth of the stones near the end of the 
arch should be somewhat greater than the depth of the keystone. 
We shall therefore adopt, in this case, the dimensions of 18 inches 
for the depth of the keystone, and 2 feet for the depth at the skew- 
back. 

Plotting Reduced Load Line. Characteristics of Three Load- 
ings. We shall assume that the earth or cinder fill on top of the 
arch has a thickness of one foot at the crown, and that it is level 
on top. We shall also assume that the arch ring is composed of stones 
which weigh 160 pounds per cubic foot and we shall therefore con- 
sider 160 pounds per cubic foot as the unit weight in determining 
the reduced load line. From the extremities of the extrados, draw 
verticals until they intersect the upper line of the earth fill. For 
convenience we shall divide the horizontal distance between these 
verticals into 11 equal parts, each to be about 2 feet wide. Fig. 233. 
Draw verticals through these points of division down to the extrados; 
then draw radial lines from the extrados to the intrados. These 
lines are drawn radially from a point approximately halfway 
between the center of the extrados and the center of the intrados. 
This means that the joints, instead of being exactly perpendicular to 


404 MASONRY AND REINFORCED CONCRETE 


promise between the two. The discrepancy is greatest at the abut- 
ments, and approaches zero at the crown. This will divide the arch 
ring into 11 voussoirs, together with a keystone at the center or 
crown. Assuming that the earth fill weighs 100 pounds per cubic 
foot, the lines of division between the 11 sections of the earth fill 
should each be reduced to tIt or | of its actual depth. If we further 
assume that the pavement is a little over six inches thick, and that 
its weight is equivalent to six inches of solid stone, we may add a 
uniform ordinate equal to six inches in thickness (according to the 
scale adopted), and this gives the total dead load on the arch. We 
shall assume further a live load amounting to 200 pounds per square 
foot over the whole bridge. This is equivalent to ^ of a foot, or 1 
foot 3 inches of solid masonry over the whole arch. This gives the 
reduced load line for the condition of loading where the entire arch 
is loaded with its maximum load. 

As another condition of loading, we shall assume that the above 
load extends only across one-half of the arch. We shall probably 
find that, owing to the eccentricity of this form of loading, the sta- 
bility of the arch is in much greater danger than when the entire 
arch is loaded with a maximum load. 

We shall also consider the condition which would be found by 
running a twenty-ton road roller over the arch. A complete test of 
all the possible stresses which might be produced under this condition 
would be long and tedious; but we may make a first trial of it by 
finding the stresses which would be produced by placing the road 
roller at one of the quarter-points of the arch — a position which would 
test the arch almost, if not quite, as severely as any other possible 
position. Owing to the very considerable thickness of earth fill, as 
well as the effect of the pavement, the load of the roller is distributed 
in a very much unknown and very uncertain fashion over a con- 
siderable area of the haunch of the arch. The extreme width of such 
a roller is eight feet; the weight on each of the rear wheels is approxi- 
mately 12,000 pounds. We shall assume that the weight of each 
rear wheel is distributed over a width of three feet and a length of four 
feet, so that the load on the top of the arch under one of the wheels 
may be considered at the rate of 1,000 pounds per square foot over 


which, are four feet in total length. The front roller of the road roller 
comes between the two rear rollers, and therefore would affect but 
little, if any, the particular arch ring which we are testing. Not only 
is it improbable that there would be a full loading of the arch simul- 
taneously with that of a road roller, but it is also true that a full 
loading would add to the stability of the arch. Yet, in order to make 
the worst possible condition, we shall assume that the part of the arch 
which has the road roller is also loaded for the remainder of its length 
with a maximum load of 200 pounds per square foot; this item alone 
will take care of the effect of the front roller. A load of 1,000 pounds 
per square foot is the equivalent of a loading of 6 feet 3 inches of 
stone; and therefore, if we draw over voiissoirs Nos. 3 and 4 a paral- 
lelogram having a vertical height above the dead-load line equal to 6 
feet 3 inches of stone, and consider a reduced live-load line 15 inches 
deep (f a §■ equal to 1.25, or 1 foot 3 inches) over the remainder of that 
half-span, we have the reduced load line for the third condition of 
loading. 

The loads on each voussoir are scaled from the reduced load line 
according to the various conditions of loading. The area between 
the two verticals over each voussoir is measured with all necessary 
accuracy by multiplying the horizontal width between the verticals 
by the scaled length of the perpendicular which is midway between 
the verticals. The weight of the voussoir itself may be computed 
as accurately as necessary, by multiplying the radial thickness by 
the length between the joints as measured on the curve lying half- 
way between the intrados and the extrados. 

For example, the load for full loading of the arch which is over 
voussoir No. 1 is measured as follows: The width between the per- 
pendiculars is 2.0 feet; the height measured on the middle vertical is 
4.05 feet; the area is therefore 8.10 feet, which, multiplied by 160, 
equals 1,296 pounds, which is the load on this voussoir for every foot 
of width of the arch parallel with the axis. The radial thickness of 
voussoir No. 1 is 1.90 feet, and the length is 2.15 feet; this gives an 
area of 4.085 feet, which, multiplied by 160, equals 653.6 pounds. 
The weight of the voussoir is, therefore, almost exactly one-half that 
of the live and dead loads above it; therefore, the resultant of these 
two weights will be almost precisely one-third of the distance between 
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TABLE XXX 

First Condition of Loading 


Voussoir No. 

LO.A.D 

Weight of Voussoir 

Total 

1 and 11 

1,296 

654 


2 and 10 

1,135 

592 


3 and 9 

1,010 

.528 


4 and 8 

927 

483 

1,410 

5 and 7 

8S0 

4.56 

1,336 

6 

867 

45 

1,322 


Second Condition of Loading Third Condition of Loading 


■ 

Voussoir No. 

Total Load 

Voussoir No. 

Total I.oad 

1 


1 

1,950 

2 

1,727 

2 

1,727 

3 

1,.538 

3 

3,138 

4 


4 

3,010 

5 

1,336 

5 

1,336 

6 

1,122 

6 


7 

936 

7 

936 

8 


8 


9 

1,138 

9 

1,138 

10 


10 

1,327 

11 

1,550 

11 

1,550 


loading. By drawing this line, we have the line of action of the 
resultant of these two forces, and this value is the sum of 1,296 and 
654, or 1,950 pounds. 

In order to simplify the figure, the arrows representing the lines 
of force of the loading on the voussoir and the weight of the voussoir 
have been omitted from the figure, and only their resultant is drawn 
in. It was of course necessary to draw in these forces in pencil and 
obtain the position of the resultant, as explained in Fig. 231; and 
then, for simplicity, only the resultant was inked in. 

The loads on the other voussoirs are computed similarly. The 
numerical values for the loads on the various voussoirs — including 
the weights of the voussoirs — are given in Table XXX. 

For this first condition of loading, the total loads for voussoirs 
Nos. 7, 8, 9, 10, and 11 will be the same as those for voussoirs 5, 4, 
3, 2, and 1, respectively. 

The loads for the second condition of loading are found by using 

flip Cjimp r>n T.’-/^ncc/^ir»c l-kn4- ixn-fVk /-vnliT- 
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ditioii of loading (1,322 pounds) is reduced by 200 pounds, making it 
1,122 pounds. Voussoirs Nos. 7 to 11 are each reduced by 400 pounds. 

The loads for the third condition of loading are found by using 
the same loads as were employed for the second condition, except 
that for voussoirs Nos. 3 and 4, 1,600 pounds should be added to 
each load. 

Fig. 233 was originally drawn at the scale of | inch equal to 1 
foot, and with the force diagram at the scale of 1,500 pounds per inch. 
The photographic reproduction has, of course, changed these scales 
somewhat. The student should redraw the figure at these scales, 
and should obtain substantially the same final results. 

Drawing the Load Line for the First Condition of Loading. When 
the load is uniformly distributed over the entire arch, the load is 
symmetrical, and we need to consider only one-half of the arch. The 
sections of the load line for the force diagram corresponding to this 
condition of loading must be drawm as explained in detail on page 
386. Since the arch is quite flat, the loading is considered to be 
entirely vertical. Since the load is symmetrical and the abutments 
are at the same elevation, we need only draw a horizontal line from 
the lower end of the half-load line, and select on it a trial position 
(oi) for the pole, drawing the rays as previously explained; the trial 
equilibrium polygon passes through the center vertical at the point 
a'. Drawing a horizontal line from a' until it intersects the first 
line (produced) of the trial equilibrium polygon, and drawing through 
it a vertical line, we have the line of action of the resultant (Ri) of 
all the forces on that half of the arch. If we draw through a, the 
center of the keystone, a horizontal line, its intersection with Ri 
gives a point in the first line (produced) of the true equilibrium 
polygon. A line from the upper end of the load line parallel to this 
first section of the true equilibrium polygon intersects the horizontal 
line through the middle of the load line at of, which is the position 
of the true pole. Drawing the rays from the true pole to the load 

Ki-vrv 01*1/^ i4T*oTTrTiT-»rv Q oQrrm or-k+o q •f’PiiCfc omnliK-pmm ■nr^lTro’/^-n 
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The student should carefully check over all these calculations, 
drawing the arch at the scale of one-half inch to the foot, and the 
load line of the force diagram at the scale of 1,500 pounds per inch; 
then the rays of the true equilibrium polygon will represent at that 
scale the pressure at the joints. Dividing the total depth of any 
joint by the pressure found at that joint gives the average pressure. 
In the case of the joint at the crown, the total pressure at the joint 
is 13,900 pounds. The depth of the joint is 1.5 feet, and the area of 
the joint is 216 square inches; therefore the average unit pressure is 
64 pounds per square inch; if it is assumed that the line of pressure 
passes through either edge of the middle third, then the pressure at 
the edge of the joint is twice the average, or is 128 pounds per 
square inch. This is a very low pressure for any good quality of 
building stone. 

Similarly, the maximum pressure at the skewback is scaled from 
the force diagram as 16,350 pounds; but since the arch is here two 
feet thick, and the area is 288 square inches, it gives an average 
pressure of 57 pounds per square inch. Since this equilibrium poly- 
gon is supposed to start from the center of this joint, it represents 
the actual pressure. 

Usually, it is only a matter of form to make the test for uniform 
full loading. Eccentric loading nearly always tests an arch more 
severely than uniform loading. The ability to carry a full uniform 
load is no indication of ability to carry a partial eccentric loading, 
except that if the arch appeared to be only just able to carry the uni- 
form load, it might be predicted that it would probably fail under 
the eccentric load. On the other hand, if an arch wdll safely carry a 
heavy eccentric load, it will certainly carry a load of the same inten- 
sity uniformly distributed over it. 

Test for the Second Condition, or Loading of Maximum Load over 
One- Half of the Arch. Since the arch has a dead load over the entire 
arch, and a live load over only one-half of the arch, the load line for 
the entire arch must be drawn. The load line for the loaded half of 
the arch wull be identical with that already drawn for the previous 
case. The load line for the remainder of the arch may be similarly 
drawn. This case is worked out by precisely the same general 

method as that alrea.dv enTnloved m thp similnr (Thrpr) in rlp+nil 



general win give an oonque closing line lor me equiliDnuin polygon. 
This closing line must be brought down to the horizontal by the 
method already explained on page 388; then a second trial must be 
made, in order to shift the polygon so that it shall pass through the 
middle third at the crown joint. This line should pass through 
the middle of the crown joint; the real test is then to determine how 
it passes through the haunches of the arch. As in the previous case, 
the total pressure at any joint will be determined by the correspond- 
ing lines in the force diagram, and the unit pressure at the joint may 
be determined from the area of the joint and the position of the line 
of force with respect to the center of the joint. Even though a line 
of force passed slightly outside of the middle third, it would not 
necessarily mean that the arch will fail, provided that the maximum 
intensity of pressure, determined according to the principles enunci- 
ated on page 393, does not exceed the safe unit pressure for the kind 
of stone used. 

An inspection of the force diagram with the pole at shows 
that the rays are all shorter than those of the force diagram for the 
first condition of loading — ^with pole at o/. This means that the 
actual pressure at any joint is less than for the first case; but since 
the true equilibrium polygon for this case does not pass so near the 
center of the joints as it does for the first condition of loading, the 
intensity of pressure at the edges of the joints may be higher than in 
the first case. However, since the equilibrium polygon for this 
second case is always well within the middle third at every joint, and 
since even twice the average joint pressure for the first case is well 
within the safe allowable pressure on any good building stone, we 
may Imow that the second condition of loading will be safe, even 
without exactly measuring and computing the maximum intensity of 
pressure produced by this loading. 

Test for the Third Condition, Involving Concentrated Load. The 
method of making this test is exactly similar to that previously given; 
but, on account of a load eccentrically placed, the force diagram will 
be more distorted than in either of the cases previously given, and 
there is greater danger that the arch will prove to be unstable on 
such a test. An inspection of the equilibrium polygon for this case 
shows that the critical point is the joint between voussoirs Nos. 3 
and 4. This is what might be expected, since it is the joint under 



the heavy concentrated load. The ray in the force diagram which 
is parallel to the section of the equilibrium polygon passing through 
this joint is the ray which reaches the load line between loads 3 and 
4. This ray, measured at the scale of 1,500 pounds per square inch, 
indicates a pressure of 15,625 pounds on the joint. The line of 
pressure is 4f inches from the upper edge of the joint; it is outside 
of the middle third; and therefore the joint will probably open some- 
where under this loading. According to the theory of the distribu- 
tion of pressure over a stone joint, the pressure will be maximum on 
the upper edge of this joint, and will be zero at three times 4f inches, 
or 14.25 inches, from the upper edge. The area of pressure for a 
joint 12 inches wide will be 14.25X12, or 171 square inches. Divid- 
ing 171 into 15,625, we have an average pressure of 91 pounds, or a 
maximum pressure of twice this, or 182 pounds, per square inch at 
the edge of the joint. But this is so safe a working pressure for such 
a class of masonry as cut-stone voussoirs, that the arch certainly 
would not fail, even though the elasticity of the stone caused the 
joint to open slightly at the intrados during the passage of the steam 
roller. 

Correcting a Design. The above general method of testing an 
arch consists of first designing the arch, and then testing it to see 
whether it will satisfy all the required conditions. In case some 
condition of loading is found which will cause the line of pressure to 
pass outside of the middle third or to introduce an excessive unit 
pressure in the stones, it is theoretically necessary to begin anew 
with another design, and to make all the tests again on the basis of a 
new design; but it is usually possible to determine with sufficient 
closeness just what alterations should be made in the design so that 
the modified design will certainly satisfy the required conditions. 
For example, if the line of pressure passes on the upper side of the 
middle third at the haunches of the arch, a thickening of the arch at 
that point, until the line of pressure is within the middle third 
of the revised thickness, will usually solve the difficulty. The 
effect of the added weight on the haunch of the arch will be to 
make the line of pressure move upward slightly; but the added 
thickness can allow for this. As another illustration, the unit pres- 
sure, as determined for the crown of the arch, might be considerably 


necessity to thicken the arch, not only at the center, but also 
throughout its entire length. 

For example, in the above numerical case, although it is prob- 
ably not really necessary to alter the design, the arch might be 
thickened on the haunches, say, 3 inches. This would add to the 
weight on the haunches one-fourth of the difference of the weights 
per cubic foot of stone and earth, or j (160 — 100), or 15 pounds per 
square foot. This is so utterly insignificant compared vith the 
actual total load of about 750 pounds per square foot, that its effect 
on the line of pressure is practically inappreciable, although it should 
be remembered that the effect, slight as it is, will be to raise the line 
of pressure. A thickening of 3 inches will leave the line of pressure 
nearly 7f inches — or, say, 7| inches, to allow generously for the 
slight raising of the line of pressure — from the extrados, while the 
thickness of the arch is increased from 19 inches to 22 inches. But 
the line of pressure would now be within the middle third. 

Location of True Equilibrium Polygon. In the above demon- 
stration, it is assumed that the true equilibrium polygon will pass 
through the center of each abutment, and also through the center 
of the keystone; and the test then consists in determining whether 
the equilibrium polygon which is drawn through these three points 
will pass within the middle third at every joint, or at least whether 
it will pass through the joints in such a way that the maximum 
intensity of pressure at either edge of the joint shall not be greater 
than a safe working pressure. With any system of forces acting on 
an arch, it is possible to draw an infinite number of equilibrium 
polygons; and then the question arises, which polygon, among the 
infinite number that can be drawn, represents the true equilibrium 
polygon and will represent the actual line of pressure passing through 
the joints. On the general principle that forces always act along the 
line of lea^t resistance, the pressure acting through any voussoir 
would tend to pass as nearly as possible through the center of the 
voussoir; but since the forces of an equilibrium polygon, which rep- 
resent a combination of lines of pressure, must all act simultaneously, 
it is evident that the line of pressure will pass through the voussoirs 
by a course which will make the summation of the intensity of pres- 
sures at the various joints a minimum. It is not only possible, but 


center of the keystone, but at some ])oint a abov(' or belmv, 
through which a polygon may be drawn wliich will gi\‘c a less sum- 
mation of pressures tlian those for a i)oIygon whicli do(‘s ]>ass ihmugli 
the point a. The value and safety of tlu^ melbod given ab(iv(* lit' 
in the fact that the true equilibrium ])olygon always ])asses Ihnuigh 
the voussoirs in such a way that the summation of the intensities of 
the pressures is the least possible combination of pressures; and, 
therefore, any jadygon which can be drawn through tin* veussoir'' in 
such a way that the pressures at all tlu^ joints art' sab' merely indi- 
cates that the arch will be safe, sincethetrue combination of tirt'ssnres 
is something less than that dclermitied. In other words, the true 
system of pressures is never greater, and is ]>robably h'ss, than the 
system as determined by the etpiilibrimn jadygon, wbieh is assumed 
to be the true polygon. 

When an etpiilibrimn ]adygon for t'eet'utrie loading passt's 
through the arch at some distance from the ct'Utt'r of the joint at one 
part of the arch, and very nt'ar the center of tlu' joint in all other 
sections, it can be safely counted on, that tlu' tnu' ]>olygon i)asses a 
little nearer the center at the most unfavorable jjortion. and a lit tit' 
farther away from the center at somt' otlu'r joints where tlu're is a 
larger margin of safety. For ('.xamidt', tht' true etpiilibrimn jitilygon 
for the third coiulition of Itiatling, Fig. ‘JMb, jirobably jiasst's a lit t It' 
nearer the center on the It'ft-hand haunch, anti a little farther away 
from the center on the right-hand haunch, wht'rt' iht're is a larger 
margin; in other worths, the whtde etpiilibrimn jitdygon is slightly 
lowered throughout the arch. No dt'hnitt' rt'lianet' slumltl bt' plaet'tl 
on this allowance of safety; but it is atlvanlagcoiis It) know that 
the margin exists, even thtuigh that margin is vt'ry small. The 
margin, of course, would reduce to zero in cast' tht' etpiilibrimn poly- 
gon chosen actually rejircscntetl the tnit' t'tjuilibrinm polygon. 
While it would be ctmvcnit'iit and vt'ry satisfaett)ry It) bt' ablt' to 
obtain always the true ('tpiilibrium ])olygt)n, it is siiflieit'nt for tlm 
purpose to obtain a jitilygiin which intlieatt's a safe ettiulilion wln'ii 
we know that the true polygon is .still .saft'r. 

Design of Abutments. Pirtis'iirc Ditujrmn. '^Pht' foret' tliagram 
of Fig. 2Tb which shows the pressures bt'twt't'ii tht' voussoirs of tlu' 
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the maximum pressure against the abutment comes against the left- 
hand abutment under the third condition of loading, when the con- 
centrated load is on the left-hand side of the arch. Although the 
first condition of loading does not create so great a pressure against 
the left-hand abutment, yet the angle of the line of pressure is some- 
what flatter, and this causes the resultant pressure on the base of 
the abutment to be slightly nearer the rear toe of the abutment. It 
is therefore necessary to consider this case, as well as that of the 
third condition of loading. 

Failure of Abutments. An abutment may fail in three ways: (1| 
by sliding on its foundations; (2) by tipping over; and (3) by crush- 
ing the masonry. The possibility of failure by crushing the masonry 
at the skewback may be promptly dismissed, provided the quality of 
the masonry is reasonably good, since the abutment is alw^ays made 
somewhat larger than the arch ring, and the unit pressure is there- 
fore less. The possibility of failure by the crushing of the masonry 
at the base, owing to an intensity of pressure near the rear toe of the 
abutment, will be discussed below. The possibility that the abut- 
ment may slide on its foundations is usually so remote that it hardly 
need be considered. The resultant pressure of the abutment on its 
subsoil is usually nearer to the perpendicular than is the angle of 
friction; and in such a case, there will be no danger of sliding, even if 
there is no backing of earth behind the abutment, such as is almost 
invariably found. 

The test for possible tipping over or crushing of the masonry, 
due to an intensity of pressure near the rear toe, must be investi- 
gated by determining the resultant pressure on the subsoil of the 
abutment. This is done graphically by the method illustrated in 
Fig. 234. This is an extension of the arch problem already consid- 
ered. The line b c gives the angle of the skewback at the abutment, 
while the lines of force for the pressures induced by the first and third 
conditions of loading have been drawn at their proper angle. In 
common with the general method used in designing an arch, it is 
necessary to design first an abutment which is assumed to fulfill the 
conditions, and then to test the design to see whether it is actuallj 
suitable. The cross section abode has been assumed as the cross 
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sentiiif? the wciglit of tlie abiitnient. It will Ix' provcxl that this 
force pusses through the ])oint 05 , and it tlu'rcft)re iiiU'rsccts the 
pressure on the abutment for the first ct)n<lition of loading, at the 
point k. The weight of a section of the abutnumt on<‘ foot thick 
parallel with the axis of the arch- is coini>uted, as <h'taile<l below, to 
weigh 10,500 pounds, while the pressure of the arch is sealed from 
Fig. 2 : 1:1 as 1(),:150 ])ounds. Laying oil’ th{>s(‘ force's on these' two line's 
at the scale of 5,000 peninels i)e'r ine'h, we have' the re'.sultant, which 



intersects the base at the pe)int vi, anel whie'h se'ale's llL.’loO ])e)unels. 
Similarly, the resultant of the weight e)f the abutnu'ut niul the' line' 
e)f pressure fe)r the thirel e'onelitie)n e)f le)aeling inte'rse'cls tlu' base' at 
the pe)iiit ii, and scales :i:i,()00 i)e)Uiieis. ddu'se' ])re'ssure's on the' base 
will be discusseel hite'r. 

JAiig of Action.. The line of actie)n anel the' amount eif the' 
weight of a unit sectieui of the abutment arc elcte'rmine'el as fe)lle)ws: 
The center of gravity of the pentagon nhede is ele'te'rmine'd by 
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triangles abe and bee. By bisecting tlie base be and drawing lines 
to the vertices a and c, and trisecting these lines to the vertices^ we 
determine the points Oi and 02, which are the centers of gravity, 
respectively, of the two triangles. The center of gravity of the 
combination of the two triangles must lie on the line joining oi and 
02, and must be located on the line at distances from each end which 
are inversely proportional to the areas of the triangles. Since the 
triangles have a common base be, their areas are proportional to 
their altitudes af and g c. In the diagram at the side, we may lay 
off in succession, on the horizontal line, the distances gc and af. 
On the vertical line, we lay off a distance equal to O1O2. By joining 
the lower end of this line with the right-hand end of the line af, and 
then drawing a parallel line from the point between gc and af, we 
have divided the distance O1O2 into two parts which are proportional 
to the two altitudes af and gc. Laying off the shorter of these 
distances toward the triangle abe (since its greater altitude shows 
that it has the greater area), we have the position of Og, which is the 
center of gravity of the two triangles combined. The area abce is 
measured by one-half the product of eb and the sum of af and gc. 
The triangle ede is measured by one-half the product of the base 
ed by the altitude ch. If we lay oShe as a vertical line in the side 
diagram, and also the line ed as a vertical line, and join the lower 
end of ed with the line which represents the sum of gc and af, and 
then draw a line from the lower end of be, parallel with this other 
line, we have two similar triangles from which we may write the 
proportion 

ed : {gc-\-af) :: be : a'f'g'c' 

Since the product of the means equals the product of the extremes, 
we find that {gc-\raf)'X.he = edXa'f'g'c' •, but {gc-\-af)Xb6 equals 
the combined area of the two triangles, and therefore the line af'g'c' 
is the height of an equivalent triangle wLose base equals ed; there- 
fore the area of these two combined triangles is to the area of the 
triangle ede as the equivalent altitude a'f'g'c' is to the altitude ch 
of the triano’le ede. Bv biseotino’ the base ed. a.nd dra.winp' a, line 



^10 






areas of the two comlnned trlaiij^les and tlu* trianjJcU' rtlr. These 
areas arc pro])ortioual to the altitudes as deterinineil ul)ove; there- 
fore, by laying olf in the side, diagram the line unOi, and drawing a 
line from its lower extremity to the right-hand extremity of the liiu' 
ch, and then drawing a i)arallel line from the i)()int belwcsm (I'f'f/r' 
and ch, we divide the line ont),, into two i>urts whieh an* proport iumd 
to these altitudes. The line rh is the greatcT alt it mb', and tin* tri- 
angle cdo has the greater anai; therefore, the' ])oint ou is nearer to 
the point 04 than it is to the ])oint 03, and tlu‘ shorter of tlu'se two 
sections is laid oil' fnmi the ixhnt 04. This gives the i)oinl o!., whieh 
is the center of gravity of the entire area of tin; abutment. 

Weight of Unit Section. The actually eomi)Ut(‘d weight of a 
unit section of the abutment is determiiu'd by nndti])lying the sum 
of d'f'g'c' and ch by the base ed. vSinc(' this masonry is assumed to 
weigh Kit) pounds per (;ul)ie foot, th(‘ i)rodnet of these sealed dis- 
tances, measured at the scale of .1 inch e(pial to one foot, whieh was 
the scale adopted for the original drawing, shows that tlu' section 
one foot thick has a weight of IthoOO pounds. Laying olf this w(‘ight 
from the point /r, and laying olf tlu' im'ssure for tin* lirst condition of 
loading, l(),d5() pounds, at the scale of .TOOO ])ounds ])er inch, and 
forming a parallelogram on these two liiu's, W(' hav(‘ the resultant 
of oLMhO pounds as the pressure on the bas(‘ of tlu' .abutment, that 
pressure passing through the jaunt vi. 

Lme, of Pre.mirc. The iuter.seetion of the w{'ight of llu' abut- 
ment with the line of j)ressnre for the third condition of loading is a. 
little below the jmint Jr, and we similarly form a i)arallclogram which 
shows a resulting jmessure of Tbbdd jxjunds, ])assing through tlu' 
base at the i)oint n. It is usually recjuirtal that such a line* of i)r('s- 
sure shall i)ass through the middle third of the abutnumt ; but tlu're 
are other conditions which may justify tlu' design, even when tlu' 
line of j)rcssiire i)asses a little outside of the iniddh* third. 

The i)oint n is 2..S,h feet from the ])oint r. According to tlu' 
theory of i)ressiircs enunciated on i)age MiKl, it may lx* considenal that 
the jm'ssure is maximum at the ])oint c, and that it (‘xt('nds backward 
toward the ])oint d for a distance of thn'c times cn, or a distaiuv' of 

feet. This would give an average j)ressur(' of M.'.KK) j)ounds ])er 
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might or might not be greater than the subsoil could endure without 
yielding. Since this pressure is equivalent to about 55 pounds per 
square inch, there should be no danger that the masonry itself would 
fail; and, if the subsoil is rock or even a hard, firm clay, there will be 
no danger in trusting such a pressure on it. 

Effect of Bach Pressure. Another very large item of safety 
which has been utterly ignored, but which would unquestionabl}^ be 
present, is the pressure of the earth back of the abutment. The 
effect of the back pressure of the earth would be to make the line 
which represents the resultant pressure on the subsoil more nearly 
vertical, and to make it pass much more nearly through the center 
of the base ed. This would very much reduce the intensity of 
pressure near the point e, and would reduce very materially the unit 
pressure on the subsoil. Cases, of course, are conceivable, in which 
there might be no back pressure of earth against the rear of the 
abutment. In such cases, the ability of the subsoil to withstand 
the unit pressure at the rear toe of the abutment — near the point e — 
must be more carefully considered. In order that the investigation 
shall be complete, it should be numerically determined whether the 
lower pressure, 31,350 pounds, passing through the point m, might 
produce a greater intensity of pressure at the point e than the larger 
pressure passing through the point n. 

Various Forms of Abutments. The abutment described above 
is the general form which is adopted very frequently. The front 
face cd is made with a batter of one in twelve. The line ha slopes 
backward from the arch on an angle which is practically the continu- 
ation of the extrados of the arch. The total thickness of the abut- 
ment de must be such that the line of pressure will come nearly, if 
not quite, within the middle third. The line ea generally has a con- 
siderable slope, as is illustrated. When the subsoil is very soft, so 
that the area of the base is necessarily very great, the abutment is 
sometimes made hollow, with the idea of having an abutment with a 
very large area of base, but one which does not require the full weight 
of so much masonry to hold it down; and therefore economy is sought 
in the reduction of the amount of masonry. As such a hollow 
abutment would require a better class of masonry than could be used 

fnr fl Qnli'rl FlnnV nf mnQn-nrv it. i.'i f?Rlflnm that there is anv eennnmv in 
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withstand a very great lateral thrust from the arch^ there is never 
anv danger that the resultant pressure of the abutment on the sub- 
soil will approach the front toe of the arch, as is the case in the 
abutment of a steel bridge, which has little or no lateral pressure 
from the bridge, but which is usually subjected to the pressure of 
the earth behind it. These questions have already been taken up 
under the subject of abutments for truss bridges, in Part II. 

VOUSSOIR ARCHES SUBJECTED TO OBLIQUE FORCES 

Determination of Load on a Voussoir. The previous determin- 
ations have been confined to arches which are assumed to be acted 

on solely by vertical forces. For flat seg- 
mental arches, or even for elliptical arches 
where the arch is very much thickened at 
each end so that the virtual abutment of 
the arch is at a considerable distance above 
the nominal springing line, such a method 
is sufficiently accurate, and it has the ad- 
vantage of simplicity of computation; but 
where the arch has a very considerable 
rise in comparison with its span, the 
pressure on the extrados, which is pre- 
sumably perpendicular to the surface of 
the extrados, has such a large horizontal 
component that the horizontal forces can- 
not be ignored. The method of determin- 
ing the amount and direction of the force 
acting on each voussoir is illustrated in 
Fig. 235. The reduced load line, found 
as previously described, is indicated in 
the figure. A trapezoid represents the 
loading resting on the voussoir ac. The 
line df represents, at some scale, the 
Amount of this vertical loadine’. Drawing 



Fig. 235. Diagram of Re.sultant of 
Oblique Pressures 
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elTect of the friction of the earth on the voussoir, which will invari- 
ably reduce the horizontal component by some uncertain amount, 
riie actual horizontal component is an indeterminate quantity 
except on the basis of assumptions which are perhaps unwar- 
ranted, 


Drawing a vertical line through the center of gravity of the vous- 
soir, and producing it, if necessary, until it intersects ed in the point 
V, we may lay off vw to represent, at the same scale, the weight of the 
voussoir. Making vs equal to de, we find vt as the resultant of the 
forces; and it therefore measures, according to the scale chosen, the 
amount and direction of the resultant of the forces acting on that 
voussoir. Although the figure apparently shows the line de as 
tliough it passed through the center of gravity of the voussoir, and 
althougli it generally will do so very nearly, it should be remembered 
that de does not necessarily pass through the center of gravity of 
the voussoir. 

A practical graphical method of laying off the line vtto represent 
the actual resultant force is as follows: The reduced load line, 
drawn as previously described, gives the line for a loading of solid 
stone, which would be the equivalent of the actual load line. If this 
loaflii]g has a unit value of, say, 160 pounds per cubic foot, and if 
the horizontal distance ab is made 2 feet for the load over each 
voussoir, then each foot of height (at the same scale at which ab 
represents 2 feet) of the line gd represents 320 pounds of loading. 
If the voussoir were actually a rectangle, then its area would be 
equal to that of the dotted parallelogram vertically under ac, and 
its area would equal abXdJc; and in such a case dk would represent 
the weight of that voussoir, and the force v^o could be scaled directly 
equal to dk, without further computation. The accuracy of this 
method, of course, depends on the equality of the dotted triangle 
below c and that below a. For voussoirs which are near the crown 
of the arch, the error involved by this method is probably within the 
general accuracy of other determinations of weight; but near the 
abutment of a full-centered arch, the inaccuracy would be too great 
to be tolerated, and the area of the voussoir should be actually 
computed. Dividing the area by 2 (or the width ab), we have the 
equivalent height in the same terms at which gd represents the 
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Application to Full=Centered Arch. Assumed Dimensions. We 
shall assume for this case a full-centered circular arch whose intrados 
has a radius of 15 feet. The depth of the keystone computed 
according to the rule given in Equation (61), would be 1.57 feet, 
which is practically 19 inches. By drawing first the intrados of the 
arch as a full semicircle, as in Fig. 236, and then laying off the crown 
thickness of 19 inches, we find by trial that a radius of 20 feet for the 
extrados will make the arch increase to a thickness of about 2| feet 
at a point 45 degrees from the center, which is usually a critical point 
in such arches. We shall therefore draw the extrados with a radius 
of 20 feet, the center point being determined by measuring 20 feet 
down from the top of the keystone. We shall likewise assume that 
this arch is one of a series resting on piers which are 4 feet thick at 
the springing line. 

By drawing a portion of the adjoining arch, we find that its 
extrados intersects the extrados of the arch considered, at a point 
about 7 feet 6 inches above the pier. By drawing a line from this 
point toward the center for joints, lying about midway between the 
center for the extrados and the center for the intrados, we have the 
line for the joint which is virtually the skewback joint and the abut- 
ment of the arch. 

Assumed Earth and Track Loads. The center of the pier is 
precisely 17 feet from the center of the arch. We shall assume that 
the arch is overlaid with a filling of earth or cinders which is 18 
inches thick at the crown, and that it is level. Drawing a hori- 
zontal line to represent the top of this earth filling, we may divide 
this line into sections which are 2 feet wide, commencing at the ver- 
tical line through the center of the pier. Extending this similarly to 
the other side of the arch, we have eight sections of loading on each 
side of the keystone section. Drawing lines from the points where 
these verticals between the sections intersect the extrados, toward 
the center for joints, previously determined, we have the various 
joints of the voussoirs. Assuming, as in the previous numerical 
problem, that the cinder fill weighs 100 pounds per cubic foot, and 
that the stone weighs 160 pounds per cubic foot, we determine the 
reduced load line for the top of the earth fill over the entire arch. 

We shall assume that the arch carries a railroad track and a 
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heavy class of traflhc. The weight of roadbed and track may be 
computed as follows: The ties are to be 8 feet long; the weight of 
the roadbed and track (and also the live load) is assumed to be dis- 


tributed over an area 8 feet wide. 

Two rails at 100 pounds per yd. will weigh, per sq. ft. of surface 8 .4 lb. 

Oak ties, weighing 150 pounds per tie, will weigh, per sq. ft. of surface. . 9 .4 lb. 

Weight of ballast, at 100 pounds per cu. ft.; average depth 9 in 75.0 lb. 

Total weight 92.8 1b. 


This is the equivalent of 0.58 foot depth of stone, and we therefore 
add this uniform depth to the reduced load line for the earth. 

Assumed Live Load. A 50-ton freight-car, fully loaded, will 
weigh 134,000 pounds; with a length between bumpers of 37 feet, 
this will exert a pressure of about 450 pounds per square foot on a 
strip 8 feet wide. This is equivalent to 2.8 feet of masonry. We 
shall therefore consider this as a requirement for uniform loading 
over the whole arch. 

Summary of Conditiom of Loading. It would be more precise 
to consider the actual wheel loads for the end trucks of two such cars 
which are immediately following each other; but since the effect of 
this would be even less than that of the calculation for a locomotive, 
which will be given later, and since the deep cushion of earth filling 
will largely obliterate the effect of concentrated loads, the method of 
considering the loading as uniformly distributed will be used. We 
therefore add the uniform ordinate equal to 2.8 feet over the whole 
arch. We shall call this the first condition of loading. 

We shall assume for the concentrated loading, a consolidation 
locomotive with 40,000 pounds on each of the four driving axles, 
spaced 5 feet apart. This means a wdieel base 15 feet long; and we 
shall assume that this extends over voussoirs 1 to 8 inclusive, while 
the loading of 450 pounds per square foot is on the other portion of 
the arch. A weight of 40,000 pounds on an axle, which is supposed 
to be distributed over an area 5 feet long and 8 feet wide, gives a 
pressure of 1,000 pounds per square foot, or it would add an ordinate 
of 6.33 feet of stone; these ordinates are added above the load line 
representing the load of the roadbed and track. We shall call this 
the second condition of loading. 

Method, of Cnmnovtinn T.na/Jji. The load for eaeh voiissoir is 
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pressure on tlie voussoir is (l(‘1<‘nnine(l ]>.v drawiiiji; a liix' Inward (lit' 
extrados center from the intersciction ol’ tlie vertiral through tin* 
trapezoid of loading with the extrados. The l<mg{h of that v<Tt!caI 
is laid o'lF below that point of intersection; then a. lufri/onlal line 
drawn from the lower end of the vertical intersects the line of fona* 
at a point wliicT measures tlie amount of that pressun* on the vous- 
soir. The area of the voussoir is determined as (h-serihed on page 
41 S; and the resultant of tlie loading and the weight of tin* voussoir 
is obtained. This is indicated as force No. 1 in h'ig. ‘Jill). In this 
case, it includes the locomotive loading on the: left-hand side of the 
arch. The forces aiding on voussoirs Nos. 2, d, -1, n, (1, 7, and S are 
similarly determined, ddie fori'es on voussoirs Nos. 1) to 17, inclu- 
sive, on the basis of the uniformly distributed load eipial to 'IbO 
IKUinds jier scpiare foot, are also similarly (h'tennined. 4'he loads on 
voussoirs Nos. 10 to 17, inclusive', will be <’onsldered to ineasuri' the 
loads on voussoirs Nos. S to 1 , inelusi\'e, for the lirst: eondilion of 
loading. The loading with the locomotive over voussoirs .\os. 1 to 
8, and ears o^'('r voussoirs Nos. i) to 17, eonstituti's the second condi- 
tion of loading. 

As described above, the arrows n'preseni ing the force:; in h'ig. 
280 are drawn at a scide^ such that each of an inch represents 2 
cubic feet of masonry, or 820 pounds; then'fon'. every inch will 
represent tlie quotient of 820 divided by I, or 80.8 pounds per lineal 
inch. The practical method of making a scah* for this use is illus- 
trated in the diagram in the iqiper right-hand corner of h’ig. 28)0, 
We may draw a horizontal line as a scale liiu', and lay olT on it , with 
a decimal scale, a length ra which rejin'si'iits, at some convenient 
scale, a length of 800. Drawing the line u /; at any convenient angle, 
wc lay off from the point c the length rh to represent 808 at tlu' 
same scale as that used for ca. The line r<l is tlu'u laid olf to rt'jiri'- 
sent 7,000 units at the scale of 800 units ])('r inch. Hy drawing a line 
from d jiarallel to ha, we have the distance' cc, which re'prcse'uts 
7,000 units at the scale of 858 units jier inch. By trial, a pair of 
dividers may be so spaced that it stt'jis oil jin'ciscly scvi'ii cejual 
parts for the distance rr; or the line ra may also la^ dix ided into 
equal parts by laying olf on rd to the decimal scah-, tlu' seven c([ual 







The last division may be similarly divided into 10 equal parts, which 
will represent 100 pounds each. Using dividers, the resultant force 
on each voussoir from No. 1 to No. 17 may be scaled off as follows; 


1 

7,825 

7 

3,170 

13 


2 

5,970 

8 

3,040 

14 
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4,940 

9 


15 

3,570 

4 

4,190 


1,910 

16 

4,420 

5 

3,725 

11 


17 


6 

3,380 

12 





Graphical Check. Note the three dotted curves in the lower 
part of Fig. 236, which have been drawn through the extremities 
of the forces. The object in drawing these three curves is merely 
to note the uniformity with which the ends of these arrows form a 
regular curve. If it were found that one of the forces did not pass 
through this curve, it would probably imply a blunder in the method 
of determining that particular force. Even if such curves are not 
actually drawn in, it is well to observe that the points do come on a 
regular curve, as this constitutes one of the checks on the graphical 
solution of problems. 

Fig. 236 is merely the beginning of the problem of determining 
the stresses in the arch. In order to save the complication of the 
figure, the arch itself and the resultant forces (1 to 17) are repeated 
in Fig. 237, the direction, intensity, and point of application of these 
forces being copied from one figure to the other. 

Pressure Diagram for Both Conditions of Loading. Forces Nos. 
1 to 17 are drawn in the force diagram of Fig. 237 at the scale of 
4,000 pounds per inch. Forces 1 to 8, inclusive, have a resultant 
whose direction is given by the line marked Rf' which joins the 
extremities of forces 1 to 8. Similarly, the direction of the resultant 
{Ri or Rf) of forces 9 to 17, inclusive, is given by the line which 
joins the extremities of this group. The direction of the resultant 
of all the forces. Nos. 1 to 17, is given by the line joining the extremi- 
ties of these forces in the force diagram, this resultant being marked 
i? 2 . By choosing a pole at random (the point 02 in the force dia- 
gram), drawing rays to the forces, and beginning at the left-hand 
abutment, we may draw the trial equilibrium polygon, which passes 




polygon which is between torces S and y — and which is parallel to 
the ray which reaches the load line between forces 8 and 9 — it inter- 
sects the first and last lines of the trial equilibrium polygon at the 
points b and d. The point h is, therefore, a point on the resultant 
of forces Nos. 9 to 17 , inclusive; and by drawing a line parallel to the 
force Rd in the force diagram, Ave have the actual line of action of the 
resultant. 

Similarly, the line of action of the force R2' is determined by 
drawing from the point d a line parallel to R2' in the force diagram. 
Their intersection at the point e gives a point in the line of action of 
the resultant of the whole system of forces, R2; and by drawing from 
the point e a line parallel to R2 of the force diagram, we have the line 
of action of R2. We select a point / at random on the resultant R2, 
and join the point / wnth the center of each abutment. By drawing 
lines from the extremities of the load line parallel to these two lines 
from /, they intersect at the point 02'. A horizontal line through 02" 
is therefore the locus of the pole of the true equilibrium polygon 
passing through the center of both abutments. The line fn inter- 
sects R2 in the point g, and the line fvi intersects the force 7 ? 2" in 
the point h. The intersection of gh with the vertical through the 
center — the point i — is the trial point Avhich must be raised up to 
the point c, wdiich is done by the method illustrated on page 390 . 
The application of this method gives the line k I, passing through c; 
and the line In is therefore the first line of the special equilibrium 
polygon for the complete system of forces from No. 1 to No. 17 ; and 
the line km is similarly the last line of that polygon. By drawing lines 
from the extremities of the load line, parallel to I n and k m, we find 
that they intersect at the point 02'", which is the pole of the special 
equilibrium polygon passing through n, c, and m, for the complete 
system of forces Nos. 1 to 17 . 

As a check on the Avork, the intersection of these lines from the 
ends of the load line, parallel to In and km, must be on the hori- 
zontal line passing through 02". By draAAung rays from the new pole 
02'" to the load line, and completing the special equilibrium polygon, 
Ave should find, as a double check on the Avork, that both of these 
partial polygons starting from vi and n should pass through the point 
c; and also that the section of the polygon betAveen forces Nos. 8 



and 9 lies on the line h 1. This gives the special equilibrium polygon 
for the system of forces Nos. 1 to 17, which corresponds with the 
second condition of loading, as specified above. 

The first condition of loading is given by duplicating about the 
center, in the force diagram, the system of forces from No. 17 to No. 
9, inclusive. Since this system of forces is symmetrical about the 
center, we know that its resultant Ri passes through the center of 
the arch, and that it must be a vertical force. We may draw from 
the middle of force No. 9 a horizontal line, and also draw a vertical 
from the lower end of the load line. Their intersection is evidently 
at the center of the resultant Ri, which is, therefore, carried above 
this horizontal line for an equal amount. Joining the upper end of 
Ri with the upper end of force No. 9, we have the direction and 
amount of the force i?i". The intersection oi ng with the force Ri 
at the point j, gives a point which, when joined with the point m, 
gives one line of a trial equilibrium polygon passing through the 
required points m and n, but which does not pass through the required 
point c. The intersection of j m with the force Ri at the point p, 
gives us the line pg, which is the same kind of line for this trial 
polygon as the line lig was for the other. 

By a similar method to that used before and as described in 
detail on page 391, we obtain the line qr passing through c, which 
gives us also the section of our true equilibrium polygon between 
forces Nos. 8 and 9. The line rn also gives us that portion of the 
true equilibrium polygon for this system of loading, from the point 
n up to the force No. 17. 

By drawing a line from the lower end of the load line, parallel to 
nr, until it intersects the horizontal line through the middle of force 
No. 9 at the point oj, we have the pole of the special equilibrium 
polygon for this system of loading, which is the first condition of 
loading. The rays are drawn from 0 i only to the forces from No. 9 
to No. 17, inclusive, and the special equilibrium polygon is completed 
between n and c by drawing them parallel to these rays. 

On account of the symmetry of loading, 'we know that the 
equilibrium polygon w'ould be exactly similar on the left-hand side of 
the arch. In discussing these equilibrium polygons, we must there- 
fore remember that of the two equilibrium polygons lying between the 


line represents the line of pressure for a uniform loading over the 
whole arch — the first condition of loading — while the lower line on 
the right-hand side, and also the one equilibrium polygon which is 
shovm on the left-hand side of the arch, represent the special equilib- 
rium polygon for the second condition of loading. 

Intensity of Pressures on the Voussoirs of the Arch. An inspec- 
tion of the equilibrium polygon for the first condition of loading 
shows that it passes everywhere within the middle third. The maxi- 
mum total pressure on a joint, of course, occurs at the abutment, 
where the pressure equals 24,750 pounds. Since the joint is here 
about 42 inches thick, and a section one foot wide has an area of 504 
square inches, the pressure on the joint is at the rate of 49 pounds per 
square inch. At the keystone, the actual pressure is 19,750 pounds; 
and since the keystone has an area of 228 square inches, the pressure 
is at the rate of 87 pounds per square inch. 

At the joint between forces Nos. 13 and 14, the line of force passes 
just inside the edge of the middle third. The ray from the pole o/ 
to the joint between voussoirs Nos. 13 and 14 of the force diagram 
has a scaled length of 20,250 pounds. The joint has a total thickness 
of about 24 inches, and therefore an area of 288 square inches. This 
gives an average pressure of 70 pounds per square inch; but since the 
line of pressure passes near the edge of the middle third, we may 
double it, and say that the maximum pressure at the upper edge of 
the joint is 140 pounds per square inch. All of these pressures for 
the first condition of loading are so small a proportion of the crushing 
strength of any stone such as would be used for an arch, or even of 
the good quality of mortar which would, of course, be used in such a 
structure, that we may consider the arch, as designed, to be perfectly 
safe for the first condition of loading. 

The special equilibrium polygon for the second condition of 
loading shows that the stability of the arch is far more questionable 
under this condition, since the special equilibrium polygon passes out- 
side the middle third, especially on the left-hand haunch of the arch. 
The critical joint appears to be between voussoirs Nos. 4 and 5. The 
pressure at this joint, as determined by scaling the distance from the 
point Oi" to the load line between forces Nos. 4 and 5, is approxi- 
mately 24,500 pounds. .The section of the equilibrium polygon 
parallel to this ray passes through the joint at a distance of a little 



over three inches from the edge. On the basis of the distribution of 
pressure at a joint, the compression at this joint would be confined to 
a width of 9 inches from the upper edge, the pressure being zero at a 
distance of 9 inches from the edge. This gives an area of pressure 
of 108 square inches, and an average pressure of 227 pounds per 
square inch. At the upper edge of the joint, there would, therefore, 
be a pressure of double this, or 454 pounds per square inch. This 
pressure approaches the extreme limit of intensity of pressure which 
should be used in arch work; and even this should not be used unless 
the voussoirs were cut and dressed in a strictly first-class manner, 
and the joints were laid with a first-class quality of mortar. 

The propriety of leaving the dimensions as first assumed for trial 
figures, depends, therefore, on the following considerations : 

First. The loading assumed above for the uniformly distributed 
load is as great a loading as that produced by ordinary locomotives 
such as are used on the majority of railroads; while the locomotive 
requirements as assumed above are excessive, and are used on only 
a comparatively few railroads. 

Second. If an equilibrium polygon had been started from a 
point nearer the intrados than the point m — using the same pole 02 " 
— it would have passed a httle below the point c, and likewise a little 
nearer the intrados than the point n. Although this would have 
brought the equilibrium polygon a little nearer to the intrados on the 
right-hand haunch of the arch, it w'ould likewise have drawn it away 
from the extrados on the left-hand haunch. Although it is uncertain 
just which equilibrium polygon, among the infinite number which 
may mathematically be drawm, wall actually represent the true equi- 
librium polygon, there is reason to believe that the true equilibrium 
polygon is the one of which the summation of the intensity of pres- 
sures at the various joints is a minimum; and it is evident from mere 
inspection, that an equilibrium polygon drawn a little nearer the 
center, as described above, will have a slightly less summation of 
intensity of pressure, although the intensity of pressure on the 
joints on the right-hand haunch will rapidly increase as the polygon 
approaches the intrados. It is therefore quite possible that the true 
equilibrium polygon would have a less intensity of pressure at the 
joint between voussoirs Nos. 4 and 5. 

If it is still desired to increase the thickness of the arch so that 



the line of pressure will pass further from the extrados, it may be 
done, approximately as indicated for a similar problem on -HI. 
Evidently, the keystone is sufficiently thick, and the voussoirs at t he 
abutments also have ample thickness. The extrados must (’vident ly 
be changed from an arc of a circle to some form of curve which shall 
pass through the same three points at the crown and th<; two al)ut- 
ments. This may be either an ellipse or a thrc'c-centc'n'd or five- 
centered curve. Although it will cause an extra loading on the 
haunches of the arch to increase the thickness of the an-b on the 
haunches, and although this will cause the ecpiilibrium ])olygon to 
rise somewhat, the rise of the e(piilibrium polygon will not b(‘ nearly 
so rapid as the increase in the thickness of the arch ; and t h('rcfor(' t lx* 
added thickness will add very nearly that same amount to the 
distance from the extrados to the equilibrium ])olygon. h'or examj)l(', 
by adding a little over three inches to the thickness of the. arch at 
voussoirs Nos. 4 and 5, the distance from the e(iuilibrium ])olygon to 
the extrados would be increased from thrc'c im'lu'S to six inclu's, and 
the maximum intensity of pressure on the joint would be approxi- 
mately half of the previous figure. To be ])(^rf('ctly snn^ of the 
results, of course, the problem should be again worked out on the 
basis of the new dimensions for the arch. 

The required radii for a multicentered arch which should hav<‘ 
this required extrados, or the axes of an arc. of an ellii)S(^ which should 
pass through the required points, are best detennined by trial. Tlu' 
effect of the added thickness on the load line for the right-hand side 
of the arch will be to bring the load line lU'an'r to the c('nt(‘r of the 
voussoirs and, therefore, will actually improve the conditions on that 
side of the arch. Of course, when the concentratcal load is ov(‘r the 
right-hand side of the arch instead of the left, tin; form of tlu' (apnlib- 
rium polygon will be exactly reversed. It is (piite probabh'. that, 
for mere considerations of architectural elTect, the rt'viscd (‘xtrados 
would be made the same kind of a curve as the intrados. This would 
practically be done by selecting a radius which would haive the sanu' 
thickness at the crown, allow the required thickness on the haunches, 
and let the thickness come what it will at the abutments, ('vtai though 
it is needlessly thick. 

Stability of Pier between Arches. The stability of the pier 



the assumption of the concentrated locomotive loading on the left- 
hand end of the next arch which is at the right of the given arch, 
and the uniform loading over the right-hand end of the given arch. 
We therefore draw through the point to' a line of force parallel to 
mk, and also produce the line In until it intersects the other line 
of force in the point s, A line from s parallel to i? 2 , therefore, gives 
the line of action of the resultant of the forces passing down the pier, 
for this system of loading. Since this system of loading wall give 
the most unfavorable condition, or the condition which will give a 
resultant wdth the greatest variation from the perpendicular, we shall 
consider this as the criterion for the stability of the pier. The piers 
■were drawn with a batter of 1 in 12, and it should be noted that the 
resultant i ?2 is practically parallel to the batter line. If the slope of 
R 2 were greater than it is, the batter should then be increased. The 
value of i ?2 is scaled from the force diagram as 55,650 pounds. The 
force R 2 is about 14 inches from the face of the pier, and this would 
indicate a maximum intensity of pressure of 221 pounds per square 
inch. This is a safe pressure for a good class of masonry work. The 
actual pressure on the top of the pier is somewhat in excess of this, 
on account of the weight of that portion of the arch between the 
virtual abutment at n and the top of the pier; and the total pressure 
at any lo-wer horizontal section, of course, gradually increases; but, 
on the other hand, the w^eight of the pier combines with the resultant 
thrust of the t'svo arches to form a resultant which is more nearly 
vertical than R^, and the center of pressure, therefore, approaches 
more nearly to the axis of the pier. The effect of this is to reduce 
the intensity of pressure on the outer edge of the pier; and since the 
numerical result obtained above is a safe value, the actual inaximum 
intensity of pressure is certainly safe. 

ELASTIC ARCHES 

Technical Meaning. All of the previous demonstrations in 
arches have been made on the basis that the arch is made up of 
voussoirs, wdiich are acted on only by compressive forces. The 
demonstration w'ould still remain the same, even if the arches w^ere 
monolithic rather than composed of voussoirs; but in the case of an 
arch composed of voussoirs, it is essential that the line of pressure 
shall nass within the middle third of each ioint. in order to avoid a 
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tendency for the joint to open. If the line of pressure passes very far 
outside of the middle third of the joint, the arch will certainly col- 
lapse. An elastic arch is one which is capable of withstanding 
tension, and this practically means that the line of pressure may pass 
outside of the middle third and even outside of the arch rib itself. 
In such a case, transverse stresses will be developed in the arch at 
such a section, and the stability of the arch will depend upon the 
ability of the arch rib to withstand the transverse stresses developed 
at that section. A voussoir arch is, of course, incapable of with- 
standing any such stresses. A monolithic arch of plain concrete 
could withstand a considerable variation of the line of pressure from 
the middle third of an. arch rib; but since its tensile strength is com- 
paratively low, this variation is very small compared with the 
variation that would be possible with a steel arch rib. A reinforced- 
concrete arch rib can be designed to stand a very considerable vari- 
ation of the line of pressure from the center of the arch rib. 

Advantages and Economy. The durability of concrete, and 
the perfect protection that it affords to the reinforcing steel which 
is buried in it, give a great advantage to these materials in the con- 
struction of arch ribs. Although the theoretical economy is not so 
great as might be expected, there are some very practical features 
which render the method economical. It is always found that, 
before any considerable transverse stresses can be developed in a 
reinforced-concrete arch bridge, the concrete will be compressed to 
the maximum safe limit while the unit stress in the steel is still com- 
paratively low. . Since a variation in the live load often changes the 
line of pressure from one side of the arch rib to the other, and thus 
changes the direction of the transverse bending, it becomes neces- 
sary to place steel near both faces of the arch rib, in order to with- 
stand the tension which will be alternately on either side of the rib. 
Of course the steel which is — ^for the moment — on the compressive 
side of the rib will assist the concrete in withstanding compression, 
but this is not an economical use of the steel. There is, however, 
the practical economy and advantage, that the reinforcement of the 



especially great in tlie construction of arches of long span, since in 
such a case the dead load is generally several times as great as the 
live load. Therefore, the maximum variation in the line of pressure 
produced by any possible change in loading is not very great; and 
any method which will permit the use of a higher unit pressure in 
the concrete is fully justified by the use of such an amount of steel 
as is required in this case. 

Mathematical Principles. A complete and logical demonstra- 
tion of the theory of elastic arches requires the use of Integral Calcu- 
lus. The theory is too long and too complicated for insertion here. 
The student will be asked to accept as demonstrable, several equa- 
tions derived by calculus methods. Numerical problems will be pro- 
posed and the application of the data of the problems to these equa- 
tions will be fully illustrated. In the practical numerical application 
of Integral Calculus to these problems, it is necessary to make a 
summation of a series of quantities. Theoretically, the number of 
the quantities should be infinitely great and the quantities them- 
selves infinitesimally small. It is found that sufficiently accurate 
solutions can be obtained with a comparatively small number of 
quantities, twenty, ten, or even five; but the greater the number the 
more accurate will be the results. The center line of the arch rib 
between the abutments must be divided into five (ten or twenty) 
divisions on each side of the center, but each division must be of 
such length that the length ds divided by its moment of inertia I is 
a constant. If the rib were of constant depth h throughout, then the 
moment of inertia would be constant and each length ds 'would be 
the same. But an arch rib is generally made deeper at the abut- 
ment than at the crown. If the arch consists of plain concrete or 
other homogeneous material, ds varies as h^. Equation (36) shows 
that, when the concrete is reinforced, even though the sections are 
symmetrical, I varies as a function of and and in the more 
general cases the function is still more complicated. There is no 
direct and exact method of dividing the half-span length into a 
given number of variable lengths, each one of which shall be propor- 
tional to the mean value of the moment of inertia of that section. 
The problem can only be solved either by a series of trials and 
approximations or else by making, at the outset, an approximation 
Tvliiph -nprinitc! a. rlirpct Rolntinn a.nfl vet such that the effect of the 



approximation on the final result is demonstrably small and perhaps 
within the uncertainties of the construction work. An illustration 
of this approximation will be given in the numerical problem which 
will now be worked out. 

ILLUSTRATIVE PROBLEM 

Segmental Arch of Sixty=Foot Span. Assume a segmental arch 
having a net span of 60 feet and a net rise to the intrados of 15 feet. 
The only practicable method of solution is to assume trial dimen- 
sions which previous experience has suggested to be approximately 
right, and then test the strength of such a design. To find the 
radius for the intrados which will fulfill these conditions, we may 
note from Tig. 238 that the angle A'B'C' is measured by one-half 
of the arc A'C', and therefore A'B'C is one-half a, but its natural 
tangent equals 15-^30, or 0.5. The angle whose tangent is 0.5 is 
26° 34', Therefore a equals 53° 8'. To find the radius, we must 
divide the half-span (30) by the sine of 53° 8', which makes the 
radius 37.50 feet. 

Depth of Arch Ring. For the depth of the keystone, we can 
employ only empirical rules. The depth as computed from Equa- 
tion (61) would call for a keystone depth of about 27 inches, which 
would be proper for an ordinary masonry arch; but considering the 
accumulated successful practice in reinforced-concrete arches, and 
the far greater reliability and higher permissible unit stresses which 
may be adopted, we may select about two-thirds of this — or, say, 
18 inches — as the depth of the arch ring at the crown. We will also 
assume that the variable lengths ds have the ratios 1.00, 1.10, 1.21, 
1.33, 1.46, 1.61, 1.77, 1.95, 2.14, 2.36, in which the several values 
are those of a geometrical progression of 1.1. We will now assume, 
as a first approximation, that the moments of inertia, instead of 
varying according to the comparatively simple relation shown in 
Equation (42) vary directly as ¥. Then h, the mean height for the 
abutment section, will equal ^2.36X18®=23.96, which we may call 
24 inches at the skewback line. The first value of I, 7,387, given in 
Table XXXI is computed from Equation (36), by calling 6 = 12, 
6 = 18, n= 15, and A = 1.00, it being assumed that the reinforcement 
consists of 1-inch square bars, spaced 12 inches on centers, in both 
intrados and extrados. The other values of I are obtained bv 









TABLE XXXI 

Data for Segmental Arch, 60“Foot Span 

(Illustrative Problem, page 440) 


Point 

ds Patio 

I 

d s Feet 

a: 


1 


7,387 

2.231 

1.11 

0.02 

2 


8,126 

2.454 

3.45 

0.15 

3 

1.21 

8,938 

2.699 

6.01 

0.47 

4 

1.33 

9,825 

2.967 

8.79 

1.01 

5 

1.46 

10,785 

3.257 

11.80 

1.84 

6 

1.61 

11,893 

3.591 

15.01 

3.02 

7 

1.77 

13,075 

3.948 

18.40 

4.65 

8 

1.95 

14,405 

4.350 

21.94 

6.82 

9 

2.14 

1.5,808 

4.774 

25.53 

9.62 

10 

2.36 

17,433 

5.264 

29.09 

13.17 


15.93 

1 35.535 

30.75 

15.20 


multiplying 7,387 by the several values of the ds ratios. The 
approximation error, referred to above, will be greatest at the skew- 
back section. If we compute the I for the skewback section accord- 
ing to Equation (36), calling h equal to 23.96, we get I equals 16,511, 
about 5 per cent less than the tabular value, 17,433. Ic— j\hh^ = 
13,755, when A =23.96 and by subtracting 13,755 from 17,433 we 
have 3,678, which we may place equal to nIs = 2nA {\li—d'Y, see 
Equation (35). Solving for d\ we find that d' equals 0.91, or that 
by placing the bars 0.91 inch from the extrados and intrados, instead 
of 2.4 inches, the inertia requirement would be exactly satisfied. A 
very slight increase of thickness will not only cover the bars suffici- 
ently but will also so increase the moment of inertia of the plain 
concrete that the inertia requirement will be exactly satisfied. 
Assume that li is increased only one-half inch, making it 24.46 inches; 
the moment of inertia becomes 17,506, which more than makes up 
the deficiency. Since the placing of the concrete might not be closer 
than this, our approximation is justified in this case and we may use 
the column of values for I and the corresponding ratio values of ds as 
they stand. It is thus practicable to assume, at least after one or 
two trials, a. law of increase of ds which, by numerical test, will 
prove to be sufficiently close to the actual increase in the value of I 
and yet give a suitable increase in the depth of the arch ring — in 
this case an increase from 18 inches at the crown to 24 inches at the 













Arch Rib Curve. The center line of the rib AC B must be 9 
inches above the intrados at C and 12 inches at A and B, and is, 
approximately, an arc of a circle of somewhat larger radius than the 
radius of the intrados. The curve of the extrados has a still greater 
radius. The skewback lines ./1 .4' and BB' should be approxi- 
mately perpendicular to both the intrados and extrados and for that 
reason we average it by making them perpendicular to the middle 
curve AC B. A and B are therefore located 12 inches from A' and 
B' and on lines through A' and B' from a center which must be first 
approximated and which is determined graphically by finding the 
center of a circle which will pass through C, A, and B, and whose 
radii will pass through A A' and BB’. Such a circle has a radius 
38.7 and the scaled height of C above .45 is 15.2 feet. This 15.2 
is the versed sine of the angle AOC having a radius 38.7, from 
which AOC equals 52° 37'. Then the arc AC equals 52.61° X38.7 
X arc 1° = 35.535 feet. Multiplying this half-span length by the 
ratio of each dsio 15.93 (the sum of the ds ratios) we have the values 
in the fourth column of Table XXXI. As a check, the sum of these 
computed values equals 35.535. 

Strictly speaking, the intrados being an arc of a circle, the arch 
rib line, AC B, and the extrados line are probably not exact circles, 
but the approximation is here too small to be of importance. It 
would have been more simple to have assumed the span and rise of 
the arch rib line AC B, making it a true circle or some other definite 
curve, and laying off the half depth of the arch at each point to 
obtain the intrados and extrados curves. But this would not have 
permitted an exact preliminary requirement as to the precise form 
of the intrados, and the problem can only be solved this way by 
assuming an extra allowance which wall prove to be sufficiently 
exact for the purpose. For example, in the above case, we might 
have chosen a span of 61.50 and a rise of 15.2 after making an approx- 
imate calculation that the result would give a net span of 60 and a 
net rise of 15. In fact, the arch rib curve is usually the one which 
is chosen. The other method was wmrked out to show how it might 
be done when for any reason the form of the intrados is strictly 
limited in its dimensions. 

Loads on Arch. The dead load of a masonry arch is usually 




load may be reduced by supporting the roadbed and the live load on 
columns or small piers extending from the deck down to the arch 
rib, which gives virtually the effect of concentrated loads at those 
points. The w^eight of the arch rib between these points may be 
considered as concentrated at these several points. The numerical 
problem considered indicates ten points on each side of the center. 
A solution can hardly be considered precise without having at least 
this number, but the numerical work involved is very great and 
very tedious. Therefore, in order to abbreviate somewhat, a solu- 
tion will first be worked out in detail as if there were only three 
forces acting on the arch on each side of the center. Afterward, the 
solution for ten forces on each side of the center will be indicated as 
being worked out by the same method and the results will be given, 
but the details, which would require many pages, will be omitted. 
We will therefore assume that equal and symmetrical forces are 
applied at the points 2, 5, and 8 on each side of the center. Also, 
in order to cover another complication of the general problem, we 
will assume that while the forces at 2 are vertical, and equal 2,400, 
the forces at 5 and 8 are inclined and have horizontal and vertical 
components, those for 5 being 4,200 and 500 and those for 8 being 
6,000 and 900. On pages 395, 403, and 420 are given in detail meth- 
ods of computing, from the actual conditions of dead and live load, 
the amounts of the horizontal and vertical components of the forces 
at any point in the arch ring. The following numerical calculation, 
while much more condensed than would be proper for the complete 
investigation of an arch rib, even as small as that proposed above, 
will contain the complete method of work, and the more complete 
solution will only differ from it by having a far greater number of 
quantities and much more numerical W''ork. 

Forces at Any Section of Arch. The principles of graphical 
statics show that all the external forces lying in the plane of the 
arch rib and acting on any assumed section of the rib may be resolved 
into a force tangent to the rib curve, which we will call the thrust, 
T; also a force normal to the curve, which we wdll call the shear, S; 
and also a couple which produces a moment, M, about that point of 
the arch rib. The problem of the elastic arch is the determination 
of these forces at any section so that the sectional strength of the 
rib may be designed accordingly. By the application of Integral 
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in which Tc, Sc, and Me are the thrust, shear, and moment, respectively, 
at the crown of the arch, m is the moment at any point, of all the 



Fig. 239. Diagram of Forces in Segmental Arch 


loads between that point 
and the crown of the 
arch. The symbol 2 
signifies the summation 
of a series of similar but 
variable quantities. 2y 
signifies the summation 
of all the values of y; 
( 22/)2 equals the square 
of the sum of all the y’s; 
2y^ is the sum of the 
squares of each value of 
y. Note the distinction. 
'Zmy is the sum of the 
products of each value of 
m times its corresponding 
value of y. 

Assume a section 
made at the crown, and 
that equal and opposite 
forces {Tc, Sc, and Me) 


are applied which will keep the two halves of the arch in equilibrium 


with the several external forces W and the abutment forces which 


are still unknown. When the moment forces at the crown are as 
shown in Fig, 239, there will be tension at the intrados and com- 
pression at the extrados. When the moment at the crown is in the 
direction indicated, it is called positive. Considering, now, the left 


TABLE XXXII 

Values of Quantities Used in Equations (62), (63), Etc. 


Point 

X 






m,y 


- nij^x 

2 

3.45 

0.15 

11.90 

.02 

0 

0 

0 


0 

5 

11.80 

1.84 

139.24 

3.39 



7,375 



8 

21.94 

6.82 

481.36 

46.51 

89,454 

89,454 

1,220,153 


0 



8.81 



91,458 

91,4.58 

1,227,528 

0 

Abut. 

30.75 

15.20 

■H 


224,072 

224,072 




half of the arch, Fig. 239, as a cantilever, and taking moments about 
the point 8 of all the external forces, which in this case are W 2 and 
W 5 , we will have 

TO (for point 8) =4,200 (21.94-11.80)+2,400 (21.94-3.45) 
+500 (6.82-1.84) 

The moment is taken about each point in turn, as above. These 
moments are in each case in the contrary direction to the assumed 
(3Ic) moment at the crown — whether for the left-hand or right-hand 
half of the arch — and are therefore considered as negative. Since 
each point of the left-hand side of the arch has the same y as the 
corresponding point on the right-hand side, Sto^ = S(TOl+TOk) 7 /. 
STO = 2(TOi,+mB). S(?? 1 r— ??Il).t equals the sum of the products of 
the ivin—mj for each pair of points, each multiplied by the common 
value of X for that pair. Flaving determined, after proper substitu- 
tion of the numerical values in Equations (62), (63), and (64), the 
numerical values of Tc, Sc, and Me at the crown, the value of M for 
any point, Q, may be determined from the equation 

M =m3r3Ic-h TcydzScX ( 65 ) 

The negative sign is used with the last term when considering the 
right-hand half of the arch. 

We will now apply these principles to the forces (named on 
page 447), which are applied at the points 2, 5, and 8. The several 
quantities needed for the solution of Equations (62), (63), and (64), 
and also some later equations, are given in Table XXXII. 

The moment 111 for point 2 is zero (in this case) since there 
is no force between point 2 and the crown. For point 5, to =2,400 
(.T5-.T2)=2, 400(11.80-3.45) =2,400X8.35 = 2,004. For point 8, 
TO = 2,400(a’8-a-2) +4,200(x8-a-5)+500(y8-y5) =2,400x18.49+4,200 
X 10.14+500x4.98 = 89,454. Although not used immediately, the 

















moments for the abutment i)()int.s are calculated similarly and phua'd 
below. The student should verify this (‘alculatiou for pruetiee. 
These moments are all negative, as stated above. Since, in 
this case, we have assumed the loads to be symmetrical, tlu^ moim'iits 
m,i ccpuil those of each to each. '^111 y is found by adding the ///,, 
and 7 ?/ii for each point and multiplying by the corresponding valtu^ of 
y, thus obtaining the next column. The loads being symmetrical, 
?»!,) =0 for each point, which gives a line of zeros for tlu^ last 
column, which means that the .shear aS’,. in K(piation (63) e(pials zero. 
This is only what might have been predicted— -iluit then; would be 
no shear at the crown when the loading is syinmetri<’al. By sub- 
stituting these values in Kcpiatiou (62) and (64), wc; obtain numerical 
values for the crown thrust and moment as follows: 
n equals 10; 2????/ equals — l,227,r)‘2.S; 2/// 2.// e(pials ( - (li. I.lS-- 
01,4r)S)XS.81 = -lS2,<)l()XX..SI; (2//)'“ ecjuals wT.OKi; ami 

n 2 7 /“’ equals 10 X40.<)2 = 400.2. Then 


7V 


] 0 (-1,227, 528) -(~1S2, 01 OXS.Sl) - 12,1 


1 ^ 033,700 
-^i3~li) ' 


(77.0)2-400.2) 
= +12,()47 


175.28t) ) I, I’ll 1,101) 
-8i:;.if) 


As stated above, *Sc = 0. 




-182,01 0+2 X 12,0-17X8.81 

20 


-1,000 ft. -lb. 


This moment being m'gative, it indieatf's that tht'n' is eompn'ssion 
at the intrados and tension at the (‘xtrados and that there is a ten- 
dency for the crown to rise, which is the invariabh' ('Ifeet, of heavy 
loads on the liaunehes and little or nothing on tlu' crown. 

It should be clearly under.stood that this very simple numerical 
solution only gives the .stn\sses produced on tlu' areh by tlu' forces 
as.sumed. These force's do not allow for the' weight of IIk' areh. 
They are the .stresses which would be produee'd if they wen* the' only 
forces and the areh itself wi'ighed nothing. 

The moment at the abutment is found from hapialion (65), in 
which m equals -224,072, and *S’,. equals 0. Tlien 

il/,,--224,(}72+(-l,!)<)(;) + 12,(l.l(;xl5.20+() ft. -lb. 

The moment at point 5 is 



Compkring the moments produced by these three forces at the crown, 
the abutment, and at point 5, they are negative at the crown and at 
the abutment but positive at point 5, showing that these forces 
create a tendency for the extrados to open (because of tension) at the 
crown and at the abutment, but there is tension in the intrados at 
point 5. This also means that there are two points on each side of 
the center, one between point 5 and the abutment and one between 
point 5 and the crown, where the moment changes sign and is 
zero. 

Laying Off Load Line. We shall assume that the arch car- 
ries a filling of earth or cinders w^eighing 100 pounds per cubic 
foot, that the top of this filling is level, and that it has a thickness of 
one foot above the crown. Since concrete weighs about 150 pounds 
per cubic foot, we shall assume this weight of 150 pounds as the unit 
of measurement, and therefore reduce the ordinates of earthwork to 
the load line for the top of the earth. We shall assume, as an addi- 
tional dead load, a pavement weighing 80 pounds per square foot, 
and shall therefore lay off an ordinate of iVV of a foot above the 
ordinates for the earth-filling load. For this particular problem, 
we shall only investigate a live load of 200 pounds per square foot, 
extending over one-half of the span from the abutment to the center. 
From our previous work in arches, w^e know that such a loading will 
test the arch more severely than a similar unit live load extending 
over the entire arch; and therefore, if the arch proves safe for this 
eccentric load, we may certainly assume that it will be safe for a full 
load. The detail of the following calculation is worked out by 
precisely the same method as given in the previous article, but has 
been omitted here to save space. Although the calculations are 
long and tedious, the student will find that the surest method of 
grasping these principles is to work out and verify all the calcula- 
tions of which the results only are given here. The horizontal pro- 
jection of each ds, multiplied by the load-line ordinate in the line of 
each point, times 150, equals the vertical load on each joint. These 
loads are given in Table XXXIII. The horizontal component of 
each force is computed on the methods previously described for 
voussoir arches, the results being given in Table XXXIII. 

Thrust, Shear, and Moment. Substituting in Equation (62), 
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TABLE XXXIII 


Load Data for Segmental Arch Problem 


1 


Left 

Half or 

Arch 





Right 

Half of Arch 

Sec. 

Hor. 

Reduced 

Load 


V 



Reduced 

Load 


of d s 

Load 







Load 




Line 

Ordin. 

Vert. 

Comp. 

Hor. 

Comp. 





Line 

Ordin. 

Vert. 

Comp. 


1 

2.23 

410 

910 

0 

1.11 

0.02 

1.23 

0.00 

610 

1,360 


2 

2.44 

440 

1,070 

0 

3.45 

0.15 

Hill sji 



1,560 


3 

2. 68 

470 

1,260 

0 

6.01 

0.47 



670 

■Killll 


4 

2.90 

530 

1,540 

0 

8.79 

1.01 


1.02 

■EKil] 



5 

3.11 

630 

1,960 

0 

11.80 

1.84 

139.24 

3.39 

830 

2,580 


G 

3.31 

750 

2,480 

0 

15.01 

EffiS 

mmsil 

9.12 

950 

3,140 


7 

3.4S 

930 

3,230 

0 

18.40 

4.65 

338.56 

21.62 

1,130 

KIHMII 


8 

3.58 

1,175 

4,200 

350 

21.94 

6.82 

481.36 

46.51 

1,375 

4,920 


9 

3.57 

1,470 

5,240 

1,070 

25.53 

9.62 

651.78 

92.54 

1,670 



10 

3.45 

1,S90 

6,520 

2,240 

29.09 

13.17 

.846.23 

173.45 

WBBIIll 




30.75 




30.75 



347.89 





(-1,082,880)] 40.77 = (-1,862,315) 40.77 = -75,926,583; (S?/)2 = 
(40.77)2=1,662.2; and 2:(?/2) =347.89. Then 

-164,036,410 -(-75,926,583) -88,109,827 


T. = - 


■=+24,250 lb. 


2 [1,662.2 - 10 X 347.89] - 3,633.4 

The unit thrust at the crown under this condition of loading is only 
24,250-^-216 = 112 lb. per sq. in. Then by Equation (63) 


8 .= 


-7,082,939 -7,082,939 


= -1,261 lb. 


2X2,808.98 5,618 

which is an insignificant shearing stress per square inch on 216 
square inches. Then from Equation (64) 

(-1,S62,315)+2X24, 250X40.77 




2X10 


-5,751 ft.-lb. 


The moment at any point is found from Equation (65). For exam- 
ple, for point 5 on the left-hand side we use the values of m = —30,595 
and 8,.r = + (- 1,261) 11.80 = -14,880. Then 

= - 30,595 + ( - 5,751) + (24,250 X 1 .84) + ( - 14,880) 

= -6,606 

il/,.7=-S3,490+(-5,751) + (24,250X4.65) + (-l,26lXl8.40) 

= +1,320 

At the left-hand abutment, the moment is 

= - 325,850+ ( - 5,751) + (24,250 X 1 5 .20) + ( - 1,261 X 30.75) 
















TABLE XXXIII— (Continued) 


Load Data for Segmental Arch Problem 


Sec. 


mj, 




0 

0 

0 




-3,180 

-797 

-3,622 1 



-10,650 

-8,390 

K 1 j s 


'.Ml i^l 

-23,770 

-40,370 



SI ; ! 

-44,370 

-137,936 


6 

* - t ’ 

-74,600 

-383,027 



: s h 1^1 

-117,170 

-933,069 




-175,350 

-2,068,779 



-188,320 

-253,560 

-4,250,886 

If ifi 


-271,280 

-380,230 

-8, .580, 387 

-3,169,356 



-1,082,880 

-16,403,641 

-7,082,939 

Abut. 

-325,850 

-422,390 

1 

1 


At the right-hand abutment^ the moment is 
M«^=-422,390+(-5,751) + (24,250Xl5.20)- (-1,261X30.75) 

= -20,765 ft.-lb. 

At the point 5, on the right-hand side 

= - 44,370 - 5,7514- (24,250 X 1 .84) - ( - 1,261 X 1 1 .80) 

= 4-9,379 ft.-lb. 

At the point 7, on the right-hand side, the moment is 

= - 117,170 - 5,751 -b (24,250 X4.65) - ( - 1,261 X 18.40) 

= 4-23,044 ft.-lb. 

The moment at the right-hand abutment (20,765 ft.-lb., or 
249,180 in.-lb.) is evidently the maximum produced by this system 
of loading. Some of the work is simplified and is more easily under- 
stood by utilizing some of the principles of graphics. In Fig. 238 we 
lay off a load line, at some convenient scale, showing the loads given 
in Table XXXIII. The shear at the center, equal to —1,261, 
is laid off downward (being negative) from the dividing point 0 
of the load line. Then the true pole distance (call it equal to 
24,250 is laid off horizontally, giving the position of the pole, 1\ 
as shown in Fig. 238. Fc=(— 5,751) (24,250) = —0.24, the 

eccentric distance of the thrust at the crown. Laying off this 
distance below the crown center, and drawing a line parallel to PO. 
we have one section of the true equilibrium polygon. The remainder 
is drawn by the method previously explained for voussoir arches. 
Although the numerical computations are far more accurate than 
















those scaled from the drawing, it is found that one <-l)<‘cks the otlicr 
closely. The moment at any point equals tlu^ f()r(’(', as shown ))y 
the proper ray of the force diagram, times tlie distane(^ of tlu' corre- 
sponding side of the equilibrium polygon from tlie rib center. Tlu‘ 
moment is negative at the crown and at botli al)utm(‘nts, but ])osi- 
tive on both haunches, only 1,320 at JJ I)ut 23, 0 1 1 at J{7. The 
thrust at any point is given by that comjxaient of tlu^ corn'sjxaiding 
ray of the force diagram wliich is paralh^l to tlu^ tangent at that 
point. Usually, the tangent e{)mi)onent is so lU'arly ])arallel with 
the ray itself that they are substantially ('cjiial and tluj llinist is 
considered as measured by the ray itself. Tlu; tlirust is, of course', 
maximum at the abutments, the ray parallel to the thrust at. tin' 
right abutment scaling 3(S,90(). The ecc<‘ntrieity cejuals tine inoiiK'nt 
divided by the thrust and, for the right abutnu'nt, ('(pials 2(),7()") :- 
38, 900 = .534 ft. or G.4 inches, lleferring to page 2-1 1 and following, 
Part III on flexure and direct .stress, the (1.4 eepials c, while tlu^ h 
equals 24 inches. Thcnc-^/; = .2()();p= 1 (2’lX 12) - ■^003•17. Then, 
according to the diagram, Fig. 112, k eepials .7X5. Subslit nling in 
Equation (50) the values M = 249,1X0 in. -lb., h~- \2, h -'M, k .7X5, 
71 = 15, p = . 00347, and rt = .4 h or D.O, we may solv(^ for e. 'Fhen 


1^12X570 ^ 


c = 249,180x- 12X570 I .19()2-.l()27-f 


15X.00TI7X2X92.1() 


.7X5X570 


)] 


= 249,180-r [0,912 (.1902-. 1027 4-.()212)] 

= 314 lb. per sq. in. 

Then from Equation (47), since Z*/7 = 1S.X I, 

/21.0-1X.X.1\ 

V 1S.X4 ) 

=4,710X.140 
= 088 lb. per sq. in. 


.7 = 15X314 


Temperature Stresses. The provision which .should he made 
for temperature stresses in a eonereto arch is oflc'ii a V('ry serious 
matter, for the double reason that the .str(\ss('s Jin' sonu'limes ver\- 
great, and that the whole subject is frecpu'ntly lU'gleeted. It will la* 
shown later that the stresses due to (*('rtain assunu'd ehangi's of t(‘ni- 
perature may be greater than those due to loading. Th<>re is nmeh 
uncertainty regarding the actual temperature which will he assunu'd 



A steel bridge, with its high thermal conductivity, will readily absorb 
or discharge heat; and it is usually assumed that it will readily 
acquire the temperature of the surrounding air. On the other hand, 
concrete is relatively a nonconductor. No matter what changes of 
temperature may take place in the outer air, the interior of the con- 
crete wall change its temperature very slowly. One test bearing on 
this subject was conducted by burying some electrically recording 
thermometers in the interior of a large mass of concrete, and record- 
ing the temperatures as they varied for a period of ten months, which 
included a wunter season. It was found that the total variation of 
temperature was but a few degrees. 

It is probably safe to assume that even during the coldest of 
winter weather the temperature of the interior of a large mass of 
concrete will not fall below that of the mean temperature for the 
month. Since the Weather Bureau records for temperate climates 
show that the mean temperature for a month, even during the winter 
months, is but little if any below freezing, it may usually be assumed 
that for concrete a fall of 30 degrees below the temperature of con- 
struction — say 60 ° — 'wiW be a sufficient allowance. A rise of tem- 
perature to 90° F. is probably much greater than would ever be found 
in an arch of concrete. The earth and pavement covering protect 
the arch from the direct action of the sun. Even in the hottest day, 
the space under a masonry arch seems cool, and the real temperature 
of the masonry probably does not exceed 70°, even if the outer air 
registers 95°. Therefore, if we calculate the stress produced by a 
change of temperature of 30 degrees from the temperature of con- 
struction, we are probably exceeding the real stresses produced. 
Even if this extreme limit should be sometimes exceeded, it simply 
lowers, temporarily, the factor of safety by a small amount. 

Let Tt be the thrust at the crown due to the assumed change in 
temperature; Mt, the moment at the crown due to the assumed 
change in temperature; E, the modulus of elasticity, which is here 
taken as that of the concrete, since the moment of inertia is that 
of the “transformed” section, or the equivalent concrete section; 
and I, the moment of inertia of the equivalent concrete section, 
which is variable but proportional to ds so that ds-i-I is con- 
stant. Since the foot unit has been used for all dimensions, we 



must find a numerical value for ])y expressiiij^ / in l)i(}ii!i(]- 

ratic feet. Taking the first comhination, since they are all e(iual, 
7,387 biquadratic inches equals (7,387 -v- 1 2') ~ 7 ,387 2(),7;)() ( ).3r)(i2 
biquadratic feet. The value of ds e<)rres])()nding to I ecjuals 7,387 
is 2.231 feet. Therefore, d.v-r- / e(iuals 2.231 -rO. 33(12 or ().2()2. i‘ is 
coefficient of expansion with temperature or .(KKKKKIo for both steel 


and concrete. 

Analytical Mechanics and (lalculus givc's us tlu' temperatun' 
equation 


KJ Lnc.{i-Q 

(ry)"] 


( 66 ) 


The summations refer to one-half of the arcli only. 
Also 



( 67 ) 


The bending moment at any point due to It'inpi'ralurc is 

i1/ = il/H-7Vv 


(68) 



( 69 ) 


The equilibrium polygon for these bnnix’ratun' stresses is a hori- 
zontal line which is at a distance, below tlu; crown (Hiual to . 

It 

Where this line intersects the arch rib, then; is no inonient due to 
temperature, no matter how much change; of te'mjx'ratun; tlnwe may 
be. Above and below this line, the tenqa'rature inonu'iits ha\'e 
opposite signs. 

Note that the denominator of the main tc'rm in iMpiatioii (CPi 
is the same, but with o])posite sign, as that in Kepiation (02). ^^■e 

can therefore use the same minierieal vahu'. Substituting. 1C (apials 
2, ()()(),()()() pounds per sepia, re ine-h, or 288, 001), ()(){) iiouiuls jse-r 
square fe)ot; L equals 01. (lO; a, eepials 10; r eapials .OOOOOCm; (/ •/„) 
equals +30° F.; equals ().2{)2; anel 2 [a 2)//"- (2) //)•’] e-epials 
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Then 


rn _288,000,000X61.60X10X.0000065X30_, „„ ,, 

— n 7r.T7^~r. o /.oo i,ozu ID. 


M> = 


6.262 X (+3,633.4) 
1,520X40.77 


10 


■ = —6,198 ft.-lb. 


It should be noted that this moment, produced by a rise of tempera- 
ture of 30° above the temperature of construction is more than the 
moment produced at the center by the load over the half-span. 
Also that the algebraic sign is negative, showing that the moment 
produces compression at the intrados and that the arch tends to 
rise, due to this force. This is what we might expect when the 
temperature rises and expands the arch. Also note that for a fall of 
temperature of (t—to) below the temperature of construction, (t — to) 
would be negative, 'which ‘^^ould change the algebraic sign of the 
moment, and this is what we would expect. 

Substituting in Equation (69), we have at either abutment 

if = 1,520 (15.20-^^) = +16,906 ft.-lb. 


Again it should be noted that this is nearly as much as the moment 
produced at the right-hand abutment by the load above considered. 
Also that for a rise of temperature, as in midsummer, these two 
moments at the right abutment are opposite in sign and relieve each 
other, the net moment being the algebraic sum or numerical differ- 
ence. For a fall in temperature, the moments have the same sign 
and their numerical sum must be taken as the measure of stress. 

The horizontal component of the thrust at each section is the 
same and equals the thrust at the crown — in this case, 1,520 pounds. 
At any other point it equals the thrust at the crown times the cosine 
of the angle of that point from the center. For the abutment, it 
equals 1,520 X cos 52° 37', or 923 pounds. For other points the thrust 
may be more easily obtained by a graphical method, i.e., draw a line 
representing the crown temperature thrust, at some scale. Let that 
line be the hypothenuse of a right-angled triangle; the other two 
lines being parallel to the tangent, and to the normal to the arch 



ig the arch very slightly and this produces precisely the 
3 ct in altering the moment as an equivalent fall in tempera- 
ince the thrust is variable along the arch, we must consider 
age thrust. A thrust of c pounds per square foot on a span 
would produce a shortening oi cL-^E, which would also be 
I by a fall of temperature of —(t—to) degrees, whose effect 
i ~e L {t—to). Therefore, we may substitute -cL-^Eiov 
) in Equation (66) and obtain 

l_\/ cLji 

* ds'^2[ni:y-{'2y)n 

j this equation to our numerical problem, we will assume an 
thrust of 150 pounds per square inch or 21,600 pounds per 
lot equals c. The other quantities will be the same as those 
aage 456 and following. 



1 ^,21,600X61.60X10 
6.262^ 3,633.4 


= -585 lb. 


ess than 40 per cent of the stress due to a change of 30 
n temperature. For a rise in temperature, these stresses 
eutralize each other; for a fall in temperature, they combine 
:e a greater stress. 

bined Stresses for Above Loading. The worst combi- 
stresses on an arch occur in winter when the temperature 
normal. For a temperature 30 degrees below normal, and 
30ve described loading on the half-span, we would have at 
abutment, J/ra equals —20,765; M (for temperature stress 
ibutment) equals —16,906; M (for rib shortening at right 

;) equals — —-—X 16,906= —6,504; which totals 44,175 
1,520 

ds, or 530,100 inch-pounds. The thrust due to live and 
I is 38,900; that due to a fall of temperature is a tension 
gative) and equals —923; that due to rib shortening is 


)23) = — 355. The combined thrust is 38,900—923 — 355 


Dividing 530,100 by 37,622 we have 14.09 inches, which 
:ntricity for this combination of stresses. e-i-h = 14.09 ^ 24 
Using the diagram, Fig. 112, for e-^/i=.587 and p = 


.00347, A’ = .032. Using Equation (50), making substitutions and 
solving for c, we have 


c = 530,100= 


1^12X576^ 


.158 -.007 


15X.00347X2X92.10 


.032X570 


)1 


= 530,100= [0,912 (.15S-.067+.02G)] 
= 530,100=808.7 


= 055 


Since /i'/i= .032X24= 15.2, then according to Equation (47) 

5 = 15X655 =4,037 lb. per sq. in. tension 

/15.2 — 2.4^ 

5 ' = 15X055 ( — - 2 ' ' )~S,Q74 lb. per sq. in. compressive 


stress in the steel near the intrados. 

It should be noted that the compressive stress in the concrete 
for this combination of loading and stresses is practically at the 
limit and that the steel serves a very useful purpose in assisting the 
compression. Also, that the steel on the tension side has a very low 
unit stress, but the percentage of reinforcement is not too high, 
since a lower percentage would increase very materially the unit 
compression in the concrete, which is now at its limit. The com- 
bined stresses at other points can be worked up similarly, with com- 
paratively little additional computations, and this should be done 
for a complete investigation of the problem, but it is probably true 
that the above conditions represent the worst conditions and that 
the design, as approximated, is probably safe. 

Although the investigation of another form of loading, such as 
a maximum load over the whole arch, will require another complete 
set of calculations and the drawing of another equilibrium polygon 
and force diagram, some of the wmrk already done may be utilized 
so that the effort need not be altogether doubled. 

Testing Arch for Other Loading. A live load of 200 pounds 
per square foot over the entire arch would unquestionably increase 
the thrust over the entire arch, especially at the abutments. The 
stress due to shortening wdll, of course, be increased in proportion to 
the increase in the thrust. The stress due to moment cannot be 
accurately predicted. Of course, such an examination and test for 
full loading should be made in the case of any arch to be constructed, 



general; oy laeniicaiiy tne same inetnoa as was useu. auuve. 

To test the arch for a concentrated loading, such as would be 
produced by the passage of a road roller, or, in the case of a railroad 
bridge, by an especially heavy locomotive, the test must be made by 
assuming the position of that concentrated load which will test the 
arch most severely. Ordinarily, this will be found when the concen- 
trated load is at or near one of the quarter points of the arch. The 
only modification of this test over that given above in detail is in the 
drawing of the load line, but the general method is identical, 

HINGED ARCH RIBS 

General Principles. The construction of hinged arches of 
reinforced concrete is very rare, but is not unknown. We may con- 
sider that, structurally, they consist of curved ribs which have 
hinges at each abutment, and which may or may not have a hinge 
at the center of the arch. The advantage of the three-hinged arch 
lies in the fact that it is not subject to temperature stresses. The 
two-hinged arch is partially subject to temperature stresses, but not 
to the same extent as the fixed arch, since the arch rib is not held 
rigid at the abutments as in the case of the fixed arch. Practically 
the hinges are made by having at each hinge a pair of large cast- 
iron plates which are a little larger than the size of the rib, and which 
have at their centers a bearing for a pin of due proportionate size. 
The bearings are so made that one may turn, with respect to the 
other, about the axis of the pin through an angle of a very few degrees. 

Arches have been made with a single hinge at the center. This 
eliminates all moment at the center. If one abutment settles with 
respect to the other, the center hinge might relieve the stress some- 
what, especially if the settlement happened to be in the arc of a 
circle about the hinge. The two-hinged arch is less subject to the 
effect of settlement, and the effect would be zero, provided that the 
net distance between the hinges remained unchanged. The three- 
hinged arch is practically independent of both settlement stresses 
and temperature stresses, excepting those developed by the friction 
of the pins in their bearings. Theoretically, the three-hinged type 
has very great advantages, particularly if the foundations are not 
firm, and some settlement or yielding seems to be inevitable. But 




Fig. 240. Reinforced-Concrete Arch Rib of Berkley Bridge, Berks County, Pennsylvania 



the hinges are, necessarily, very expensive features. The stresses 
produced in a fixed arch by arch settling may become indefinitely 
great and enough to produce complete failure. In spite of this fact 
and the immunity of the three-hinged type from such risk, com- 
paratively few such arches have been built. 

Description of Two Reinforced=Concrete Arches. Berkley 
Bridge. In Figs. 240 and 241 are shown the details and sections of 
two reinforced-concrete arches having fixed abutments. The first 
bridge. Fig. 240, has a nominal span of 60 feet between the two 
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faces of the abutments. On account of the great thickening of the 
arch rib near the abutment, the virtual abutments are practically at 
points which are approximately 26 feet on each side of the center. 
The method of reinforcing the spandrel and parapet walls is clearly 
shown in the figure. The side view also gives an indication of some 
buttresses which were used on the inside of the retaining walls above 
the abutments in order to reinforce them against a tendency to burst 
outward. 

Graved s Lane Bridge. Fig. 241 shows a bridge which is slightly 
oblique, and which spans a double-track railroad. The perpendicu- 





CONCRETE ARCH AT GRAVER’S LANE, PHILADELPHIA, PENNSYLVANIA 


rne oDiique lace walls is do leet o incnes. in tnis case, similarly, tne 
arch is very rapidly thickened near the abutment, so that the virtual 
abutment on each side is at some little distance out from the vertical 
face of the abutment wall. In both of these cases, the arch rib was 
made of a better quality of concrete than the abutments. 

The arch of Fig. 240 was designed for the loading of a country 
highway bridge; that of Fig. 241 was designed for the trafBc of a city 
street, including that of heavy electric cars. 

Stone Arch. In Fig. 242 is shown a stone arch on the New 
York, New Haven and Hartford Railroad at Pelham ville. New York. 
This arch was constructed over a highway, and the length of its axis 
is sufficient for four overhead tracks. The span is 40 feet, and the 



rise is 10 feet above the springing line, the latter being 7 feet 6 inches 
above the roadway. The length of the barrel of the arch is 76 feet. 

The arch is a five-centered arch, the intrados corresponding 
closely to an ellipse, the greatest variation from a true ellipse being 
1 inch. The theoretical line of pressure is well within the middle 
third, with the full dead load and partial live load, until the short 
radius is reached, where it passes to the outer edge of the ring stone, 
and thence down through the abutment. There is a joint at the 
points where the radii change, to simplify the construction. 

The stone is a gneiss found near Yonkers, New York, except the 
keystone, which is Connecticut granite, and the coping, which is 
bluestone from Palatine Bridge, New York. 




REVIEW QUESTIONS 




REVIEW QUESTIONS 


ON THE SUBJECT OF 

MASONRY AND REINFORCED CONCRETE 

PART I 


1. Describe the tests that should be applied to determine the 
qualities of a building stone. 

2. Describe the distinguishing characteristics of limestone, 
sandstone, and granite; and the uses for which these characteristics 
make them especially suitable. 

3. Discuss the crushing strength of various kinds of brick. 

4. Describe briefly the characteristics and method of manu- 
facture of sand-lime brick. 

5. Describe the essential features in the manufacture of 
concrete building blocks. 

6. Describe the various changes that take place in trans- 
forming the original limestone into lime, and from that into the 
hardened mortar. 

7. What is the essential characteristic of hydraulic lime? 

8. What is the essential characteristic of slag cement, and 
for what kind of use is it especially suited? 

9. What is the essential difference between natural cement 
and Portland cement? 

10. If a certain brand of cement requires 30 per cent of 
water to produce a paste of standard consistency, how much 
water should be used in a 1 : 3 mortar? 

11. What is “initial set”? How soon should it develop, and 
what is the standard test for the time? 

12. How much tensile strength should be developed by 
briquettes of neat natural cement, and also by those of neat Port- 
land cement, in 7 days? Also in 28 days? 

13. What are the desirable characteristics of sand for use in. 
mortar? 

14. Why does sand with grains of variable size produce a 



it are the characteristics of various kinds of broken 
;’el which have an influence on their value in concrete? 
it practical method should be adopted to mix a large 
le mortar in the proper proportions? 
ime that the voids in the sand are measured to be 
^ 40 per cent, and that the voids in the stone are 
T 45 per cent. Using barrels containing 3.8 cubic 
j, how much cement, sand, and stone will be required 
yards of 1:3:6 concrete? 

h cement at SI. 25 per barrel, sand at SI. 00 per cubic 
ken stone at SI -40 per cubic yard, the cost including 
e site of the work, what will be the cost on the mixing 
Die yard of 1:3:6 concrete? 

er what conditions is it proper to use dry concrete? 
it is the danger in the excessive ramming of very 

r is there any practical difficulty in bonding old and 

it is the effect of the freezing of concrete before it is 
n concrete be safely placed in freezing weather? 

;ribe in detail how you would make concrete water- 
ng the proportions or by the use of cement grout. 
;ribe the method of waterproofing by the use of felt 
T by the use of asphalt alone. 

,t form of bitumen should be used for waterproofing 

uss the effectiveness of concrete in preserving 
1 from corrosion. 

uss the protection afforded to imbedded steel by the 
1 st fire. 

t precautions should be taken to insure that hand- 
1 is properly mixed? 

Liss the relative strength of machine-mixed and 
ncrete. 

t requirements should a high-carbon steel satisfy in 
itable for reinforcing concrete? 
t is the effect of using lime in cement mortar? 
ribe the principles underlying the mixing of con- 
btain the best possible product. 


REVIEW QUESTIONS 


ON THE SUBJECT OF 

MASONRY AND REINFORCED CONCRETE 

PART II 


1. Define the different classes of masonry with respect to the 
dressing of the stones. 

2. Give an outline of the method of dressing a stone which 
shall have a warped surface. 

3. What is the purpose of bonding? Describe several ways 
in which it is accomplished. 

4. A square pier in a building is to carry a load of 420,000 
pounds; the pier is to be made of squared-stone masonry. What 
are the proper dimensions of the pier? 

5. What are the elements affecting the cost of stone 
masonry? 

6. Describe the various kinds of bonds used in brick masonry. 

7. What tools are used, and how are they employed in the 
operation of quarrying and dressing stone for ashlar masonry? 

8. Describe the various methods used in measuring brick- 
work. 

9. A brick pier is 20 feet high; it is required to carry a load of 
400,000 pounds, and is to be laid in a 1 to 2 natural cement mortar. 
Assume that the pier is to be square, what should be its cross- 
sectional dimensions? 

10. Assuming that two-man stone is to be used in making 
rubble concrete, what will be the proper proportions of cement, 
sand, small broken stone, and rubble in such a concrete? 

11. Describe the method of depositing concrete under water, 
using buckets. 

12. What precautions must be taken when depositing con- 
crete under water through a tube? 

13. Describe the tests for determining the suitability of clay 
for use as clav Duddle. 



14. How would you test the bearing power of a soft soil? 

15. Discuss the bearing power of various kinds of soil. 

16. Describe some of the methods of improving a compress- 
ible soil. 

17. Describe some of the methods of preparing the bed for 
foundations on various kinds of soil. 

IS. What is the purpose of a footing? 

19. The wall of a building has a thickness of 2 feet; the total 
load on the wall has been computed as 16,000 pounds per running 
foot of the wall; the soil is estimated to carry safely a load of 3,000 
pounds per square foot. What should be the thickness and width 
of limestone footings to support this wall on such a soil? 

20. Classify the various kinds of piles, describing their uses. 

21. Under what conditions do timber piles rapidly decay? 

22. What are the most necessary specifications for timber 
piles? 

23. A wall having a weight of 15,000 pounds per running foot 
is to be built on two lines of piles placed 2 ^ feet apart transversely. 
It is found that piles driven 20 feet into such a soil have an average 
penetration for the last five blows of 1.5 inches, when a 2,500-pound 
hammer is dropped 24 feet. What is the bearing power of such 
piles, and how far apart must they be placed longitudinally in order 
to carry that wall? 

24. Discuss the advantages and disadvantages of drop- 
hammer and steam-hammer pile drivers, and the use of the 
water jet. 

25. What are the relative advantages and disadvantages of 
concrete piles compared with wood piles? 

26. What is a grillage, and what is its purpose? 

27. What combination of circumstances justifies the use of a 
cofferdam? 

28. What is the essential disadvantage nvolved in the use of 
a crib as a foundation for a pier? 

29. What general constructive principle is involved in the 
sinking of a hollow crib through a soft soil? 



review questions 

ON THE SUBJECT OF 

MASONRY AND REINFORCED CONCRETE 

PART III 


1 . Why is there but little, if any, structural value to a beam 
made of jdain concrete? 

2. Develop a series of equations (similar to Equation 23) on 
lilt' basis of l:2i:5 concrete whose modulus of elasticity {E,) is 
assumed at 2,1)50,000, and whose ultimate crushing strength (c') is 
assumt'd at 2,200 pounds. 

5. Using a factor of 2 for dead load and a factor of 4 for live 
load, what is the maximum permissible live load which may be 
earrit'd on a slab of 1 : 2-2 :5 concrete with a total actual thickness of 
() inches and a span of 8 feet? 

•1 . 1 f a roof slab is to be made of 1 : 3 : 5 concrete and designed 

In carry a live load of 40 pounds per square foot on a span of 10 
feel, what shouhl be the thickness of the slab, and the spacing of 
il-inch siiuare bars? 

5. A licam having a span of 18 feet is required to carry a live 
load of 1 2,()0() pounds uniformly distributed. Using 1:3:5 concrete 
and a factor of 4, what should be the dimensions of the beam whose 
depth is aiiproximatoly twice its width? 

0. What will be the intensity per square inch of the maxi- 
mum vi'ii ica] shear in the above beam? 

7. What arc the two general methods of providing for 
diagonal shear near the ends of the beam? 

S. h'Take a drawing of the beam designed in Question 11, 
showing {'S])('{iially the reinforcement and the method of providing 
for till' diagonal shear. 

!). INTake a design for a slab of 1:3:5 concrete, reinforced in 
both dirc'ctions, which is laid on I-beams spaced 10 feet apart in 
('aeh direction. 



10. What is the general structural principle which makes 
T-beams more economical and efficient than plain rectangular 
beams having the same volume of concrete? 

11. What assumption is made regarding the distribution of 
compressive stress in a T-beam? 

12. How is the width of the flange of a T-beam usually 
determined? 

13. What principles govern the determination of the proper 
width of the rib of a T-beam? 

14. Make complete drawings of the reinforcement of the 
floor slabs and beams (Question 20), making due provision for 
shear, and making all necessary checks on the design as called for 
by the theory? 

15. What will be the bursting stress per inch of height at the 
bottom of a concrete tank having an inside diameter of 10 feet, 
designed to hold water with a depth of 40 feet? What size and 
spacing of bars will furnish such a reinforcement? 

16. With a nominal wind pressure of 50 pounds per square 
foot, on a flat surface, what will be the intensity of the compression 
on the leeward side of the tank, allowing also for the weight of the 
concrete, and assuming a thickness of 12 inches? 

17. On the basis of the approximate theory given in the text, 
what would be the required steel vertical reinforcement for the 
above described tank? 

IS. Design a retaining wail to hold up an embankment 30 feet 
high, making a cross-sectional drawing and plan drawing similar to 
Dig, 113, assuming that the buttresses are to be 12 feet apart. 

19. Compute the required detail dimensions and the rein- 
forcement for the box culvert illustrated in Fig. 119, on the basis 
that the culvert is to be 10 feet wide, 12 feet high, supporting an 
embankment 15 feet deep, and also a railroad loading of 1,500 
pounds per square foot. 

20. A column is to be supported on a soil on which the safe 
load is estimated at 6,000 pounds per square foot; the column 
carries a total load of 210,000 pounds; the column is 22 inches 
square; what should be the dimensions of the footing-, and how 


REVIEW QUESTIONS 

ON THE SUBJECT OF 

MASONRY AND REINFORCED CONCRETE 

PART IV 


1. What are the difficulties encountered in obtaining a 
satisfactory outer surface of concrete? 

2. Describe two successful methods of obtaining a good 
outer surface. 

3. When and how can acid be properly used in treating a 
concrete surface? 

4. What pigments should (and should not) be used for color- 
ing concrete? 

5. Describe the various methods of finishing concrete floors. 

6. How may efflorescence be removed from masonry sur- 
faces? 

7. What are the practical difficulties and disadvantages of 
measuring the materials of concrete in the operation of automatic 
measuring machines? 

8. Make a sketch and plan for the concrete plant for a 
6-story building, 40 feet by 100 feet; or, describe, with comments 
and sketch, the plant of some similar building actually being erected. 

9. What precautions are taken to prevent the lumber in the 
forms from swelling or buckling? 

10. Describe various devices for holding column forms 
together. 

11. How are I-beams utilized to support the forms for con- 
crete slabs laid on them? 

12. Make a sketch design for the forms for a vertical wall ten 
feet high, six inches thick, and twenty feet long. 

13. Describe the methods of lowering the centering under 
arches. 

14. What should be the dimensions of a column of hemlock 
12 feet high, to support safely a load of 15,000 pounds? 

15. What are the several methods of bonding old and new 


REVIEW QUESTIONS 

ON THE SUBJECT OF 

MASONRY AND REINFORCED CONCRETE 

PART V 


1 . Draw the intrados for a segmental arch with a span of 40 
feet and a rise of 10 feet. Compute the proper depth of keystone; 
make the thickness at the abutment I greater, and draw the 
extrados. Use scale of ^ inch as equal to 1 foot. 

2. On the basis of Question 8, draw the load line, allowing 
for a level cinder fill, a 7-inch pavement, and a live load of 200 
pounds per square foot. 

3. Assuming 15 voussoirs in the above arch, compute the 
vertical loads on each voussoir, and draw a half load line for full 
loading over the whole arch. Use scale of 3,000 pounds per inch 
for load line. 

4. Determine the special equilibrium polygon for the above 
loading, and the maximum unit-intensity of pressure at any joint. 

5. Determine the load line for a concentrated load of 20,000 
pounds on an area of 25 square feet at the quarter-point of the arch, 
and a load of 200 pounds per square foot over the remainder of the 
half-span. 

6. Draw the special equilibrium polygon for the loading of 
Question 12, and determine the maximum unit-intensity of pressure 
at any joint. 

7. Design an abutment for the above arch which shall be 
stable under either of the above conditions of loading. 

8. Draw the load line for the above arch on the basis of the 
loading of Question 12, but on the assumption that the pressures on 
the arch are perpendicular to the extrados. 

9. Redraw the extrados and intrados of Fig. 230 on the 
scale of i inch equals 1 foot; and then, by scaling the various thick- 
nesses at every two-foot section, for 26 feet on each side of the cen- 
ter, compute the moment of inertia for each section. 

10. On the basis that Fig. 230 is virtually a segmental arch 
with abutments 26 feet each side of the center, determine the posi- 
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bars, types of 

90 

Sandstone 

12 

quality of 

89 

Segmental arch 

395 

reinforcing bars, specifications for 94 

Semicircular arch 

395 

Steel-core columns 


Shear, of reinforced concrete beams 

218 

Steel-shelled concrete piles 

142 

diagrams of related factors, cal- 

- 

Stone masonry 

107 

culations by 

222 

cost of 

112 


Note. — For page rnmhers see fool of pages. 


Stone masonry (continued) 

features, constructive 110 

• bonding 110 

mortar, amount of 111 

pressures, allowable unit 111 

stone, cutting and dressing 107 

blocks, economical size of 109 

blocks, rectangular 108 

cost of 110 

surface, cylindrical 108 

surface, warped 109 

stones, classification of dressed 107 
Stone tests 17 

absorption 18 

chemical test 19 

physical tests 19 

quarry examinations 20 

test for frost 18 

Stretcher 106 

Stringcourse (see Beltcourse) 106, 395 


T 

Tables 

barrels of Portland cement per 

cubic yard of mortar 69, 70 
bond adhesion of plain and de- 
formed bars per inch of 
length 216 

chemical and physical properties 

of reinforcing bars 95 

compressive strength of concrete 64 
compressive tests of concrete 64 
gross load on rectangular beam 

one inch wide 212 

ingredients in one cubic yard of 

concrete 70 

Lambert hoisting engines, sizes of 316 
load data for segmental arch 

problem 448, 449 

modulus of elasticity of some 

grades of concrete 200 
mortar per cubic yard of masomy 111 
percentage of water for standard 

mortars 38 

physical properties of some build- 
ing stones 16 


Tables (continued) 

Portland cement mortars contain- 
ing two parts river sand 


to one part cement, col- 
ors given to 366 

proportions of cement, sand, and 
stone in actual struc- 
tures 67 

quantities of brick and mortar 114 
Ransome steam engines, dimen- 
sions for 313 

ratio of offset to thickness for 
footings of various kinds 
of masonry 130 


required width of beam, allowing 
2lxd, for spacing, cen- 
ter to center, and 2 
inches clear on each side 233 
segmental arch, 60-foot span. 


data for 441 

solid wood columns of differ- 
ent kinds of timber, 
strength of 349 

standard sizes of expanded metal 93 
tensile tests of concrete 89 

value of j for various values of n 
and p (straight-line for- 
mulas) 198 

value of fc for various values of n 
and p (straight-line for- 
mulas) 197 

value of p for various values of 

(s-hc) and w 202 


values of quantities used in 


equations (62), (63), etc. 445 
voussoir arches, first, second, 
and third condition of 
loading for 414 

weights and areas of square and 

round bars 94 

working loads on floor slabs, M = 

m-^10 207-209 

T-beam construction 227 

approximate formulas 234 

flange, width of 231 

resisting momenta of 228 

rib, width of 231 


Note. — For page numbers see fool of pages. 
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T-beam construction (continued) 


Voussoir arches (continued) 

shear in 

238 

abutments, various forms of 

shearing stresses between beam 


definition 

and slab 

236 

depth of keystone 

slab, beam, and girder construc- 


design, correcting a 

tion, numerical illus- 


distribution of pressure bet 

tration of 

239 

two voussoirs 

testing, numerical illustration 

237 

external forces acting on 

Tanks 

299 

voussou’, determination of 

design 299, 

302 

on a 

overturning, test for 

301 

Template 

106 

W 

Tile and joist system 

380 

Trap rock 

13 

Water basin 

Water-jet pile-driving 

Two-man stone 

106 

V 


Water table 

Voussoir 

106 

Wood bearing piles 

Voussoir arches 

Note, — For page numbers see foot of pages. 

405 

Wood brick 


